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This thesis covers topics ranging from cure cycle optimisation to knowledge management, in-process 
XCT Scanning to lessons learned, dielectric monitoring to procurement of large equipment.  Tying 
these seemingly disparate themes together is a simple aim- to contribute to an improvement in the 
efficiency composites manufacturing, through better understanding of both the physical and 
managerial aspects of such.   
Tracking the volume of defects during cure of a sample with a newly developed method for in-
process XCT Scanning- using industrial equipment only- contributes to our understanding of the level 
of accuracy required in layup.  Using dielectric monitoring to optimise, follow and control the cure 
cycle used can result in lower energy- or faster- cure without compromising on the final product.  
And understanding of how knowledge transfer differs in industry and academia, and the business 
processes required to make use of these new technologies, can help to bring these benefits to 
companies, particularly the small and medium sized enterprises (SMEs) who often lack a specialised 
research and development department, but can benefit from flexibility far beyond that of a 
corporate behemoth.   
Knowledge transfer studies, carried out with companies and academic institutions in the UK and 
Canada, provide an understanding of how these organisations learn.  A combination of simple but 
illuminating opinion questions, knowledge network analysis and a new tweak on the classic skills 
matrix- with a check that helps to balance out individual bias; these studies themselves have proved 
useful to many of the participating organisations.   
With this in mind, a combination of original, practical research and reference to that which has been 
done before was used to produce a demonstration of knowledge transfer aimed at SMEs, taking that 
which had previously been almost exclusively in the academic realm and aiming squarely at the 
industrial sector.  This tool, showing the potential benefits (and issues) of using dielectric and DC 
cure monitoring in industrial processes was supplied to volunteer companies for their feedback.  
Combined with the real, practical demonstration of using this technology with industrial equipment 
to achieve more efficient cure of a composite part of varying thickness, a step forward has been 
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1.1 Scope of Work 
This thesis seeks to contribute to improving the efficiency of the manufacture of advanced 
composite parts.  In-process monitoring techniques can be used to both optimise aspects of the 
manufacturing process and to further our understanding of defect evolution.  Effective knowledge 
transfer is vital both to run a manufacturing business efficiently and to enable the transfer of useful 
technologies from academia to industry.  
The work presented herein includes a study of knowledge transfer both within and between 
academic and research organisations and Small and Medium Enterprises (SMEs) in the advanced 
composites space.  Through questionnaires carried out with as many people as possible at each 
organisation, knowledge transfer is studied at the individual level.  Knowledge network visualisations 
are presented and discussed.  The same study gathered data on participants preferred methods for 
learning, which informed the design of the Knowledge Transfer Resource for dielectric monitoring.   
This resource includes background information on the technology and how it can be used in 
composites manufacture, relevant results from the literature and results obtained in this work.  
Degree of cure and glass transition temperature measured using dielectric cure monitoring sensors 
are compared to simulation and to laboratory tests for a varying thickness part, over a variety of 
different cure cycles.  The dielectric sensors are used for active process control, in this instance 
cooling the autoclave when a specified degree of cure is reached or exceeded in both extremes of 
thickness.  Energy usage over different cure cycles is compared and the practicalities of using this 
sensor system in an industrial environment are discussed.   
Tracking of defect evolution is carried out using in-process micro-XCT, where small composite parts 
are cured in-situ in an industrial CT scanner, and fast scans used to study the changes in the defect, 
achieving the first in-process micro-XCT scans through the cure of an advanced composite item.  This 
was used to track the changes in void volume as two defect types- tow gaps and ply drops- were 
cured, both demonstrating the potential utility of the method and showing evidence for an increase 
in void volumes at minimum resin viscosity.  The two defect types are compared.   
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1.2 Problem Statements 
1.2.1 Knowledge transfer in academia and composites SMEs 
A study of knowledge transfer within and between academic groups and SMEs in the composites 
industry may highlight problems, allowing them to be fixed, and inform the development of 
improved knowledge transfer between academia and industry. 
Knowledge is held in the minds of employees, and thus can walk out of the door if not transferred 
within the organisation.  Lack of communication, or an individual not knowing who to talk to about a 
particular issue, can cause problems in any organisation.  Small and Medium sized Enterprises can 
miss out on useful new developments or assistance in solving problems knowledge transfer links 
with academia are insufficient.  Preferred methods of learning may differ between academia and 
industry.  Knowledge management practices include techniques for studying these issues, which 
have not thus far been applied to the organisations in question.  
A knowledge transfer study is carried out by questionnaires with academic groups and SMEs in two 
countries, plus a research institution with a remit for improving links between academia and 
industry in one of the countries.  Individual results are provided to the participating institutions.  
Collectively the results are used to provide a snapshot of knowledge transfer between the 
participating institutions and opinions and preferences in the different types of organisations.   
1.2.2 Measurement of defect and feature evolution during cure 
If the evolution of defects or features could be measured during the cure process, it would then be 
possible to test aspects of a design or the response of unavoidable defects to different cure cycles 
during the research and development phase for a new product.   
Unintentional defects can lead to scrappage, unavoidable defects- which occur due to the part 
geometry- affect the properties of the final part and hence the amount of material needed.  As resin 
flows and fibres shift, the defect may undergo significant changes during cure, which may not be 
obvious from only ‘before’ and ‘after’ measurements or multiple partially cured samples- in which 
the defect geometry will vary.  Fast and high resolution micro-XCT scans can be achieved using a 
synchrotron, but this is not a practical solution for regular use in industry.   
An industrial micro-XCT scanner is equipped with a heated tool and vacuum system to enable cure of 
small composite items within the cabinet.  This method is used to track the evolution of two types of 
gap in the composite layup, one of which is expected to close over more than the other during cure 




1.2.3 Cure monitoring for optimisation, active process control and quality assurance 
Active process control based on real time measurements of material properties during cure would 
allow the cure of composite items to be optimised while ensuring the required material properties 
are obtained.  The record of measurements taken throughout the cure may be used for quality 
assurance.   
Standard, recommended cure cycles must work for composite parts of varying geometry made from 
material with variation between batches, while absolutely guaranteeing that certain final material 
properties are obtained, so can use significantly more time, energy and hence money than is 
needed.  Material properties are not commonly tracked during the cure.  Temperature 
measurements in combination with a theoretical model of the cure may be used as a proxy, but this 
does not allow for variations in resin batches, and if measured only in set places may miss issues 
such as temperature gradients across the autoclave.  Dielectric analysis can be used to track material 
properties during cure but is little known in industry.   
A dielectric analysis system is integrated with an industrial autoclave for cure monitoring and 
control.  Stepped wedge test parts with dielectric sensors at the thin and thick extremes are cured 
following a range of different cycles, including cases where the autoclave automatically ends the 
cure and cools down when the required material properties are obtained, demonstrating active 
process control.  Energy use is monitored.  The results of the dielectric analysis system are compared 
to laboratory tests and simulation to assess their reliability and the practicalities of using this system 
in an industrial environment are considered.   
1.2.4 Knowledge transfer resource for technology transfer from academia to industry 
An industrially focused knowledge transfer resource could assist in facilitating technology transfer 
from academia to industry. 
Technologies, such as dielectric cure monitoring, may languish in academia for decades without 
successful transfer to industry despite potential to be useful.  Small and Medium sized Enterprises 
may have sufficient flexibility to test new developments and make use of them, but often do not 
have large research and development departments.  Industrialists, particularly at SMEs, may not 
have access to academic forms of communication such as journals.  Industrial needs for a technology 
are different to academic needs.   
A knowledge transfer resource for the example technology of dielectric cure monitoring is 
constructed, designed around industrial requirements when considering a new technology and case 
studies of useful applications, with reference to the preferences for knowledge transfer in the 
composites industry from the questionnaire based study described above.   
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1.3 Thesis Structure 
This first chapter introduces the themes and techniques relevant to this work and is intended to be 
an easily understood primer for those who have not encountered either advanced composites or 
knowledge management before.  Knowledge derived from existing literature is codified in the form 
of Chapter 2, where more detail on the scientific background can be found.   
A study of knowledge transfer within and between academic groups and composites manufacturing 
businesses, focused on Small and Medium sized Enterprises, is presented in Chapter 3. Development 
of a new procedure, in-process micro-XCT Scanning, for the tracking of defect evolution during cure 
(Chapter 4); and application of existing technology, little used in industry, to cure cycle optimisation, 
in the form of dielectric cure monitoring (Chapter 5); and have been selected to demonstrate both 
their potential for improving composites manufacture and the value of knowledge transfer from 
academia to industry.   
An industrially focused knowledge transfer resource for dielectric cure monitoring is presented in 
Chapter 6. This is an example of a format which could be applied to a variety of topics and 
technologies, and includes multimedia elements.  This chapter is best experienced with reference to 
the knowledge transfer resource itself, included as a linked .ppt file on the attached memory stick, 
though images of the slides are also included in the appendix.   
The author discusses the implications of the results and potential opportunities for expanding on 
this work in Chapter 7.  Conclusions are summarised in Chapter 8.  
The remainder of this chapter comprises an overview of the general background to the work carried 




1.4 Advanced Composites 
A composite is, by definition, anything made of more than one material [1].  This could be aggregate, 
reinforced concrete- even wood, consisting of naturally occurring fibres and resins.  However, in 
advanced composites, the term is used a reference to continuous fibre reinforced plastics.   
‘Carbon fibre’ is generally considered a high-tech item, used to create cutting-edge aircraft, formula 
1 cars and lightweight bicycles.  In all these examples, the ‘carbon fibre’ components are in fact 
advanced composites.  For ease, these will henceforth be referred to as composites, where an 
individually manufactured piece is a composite part.   
Other fibre reinforcements exist- glass fibre is often cheaper and widely used in everything from 
boats to bathtubs, wind turbine blades, pressure vessels and more.  Aramids such as Kevlar can also 
be used. As sustainability becomes an ever more important consideration, research is ongoing 
towards use of natural fibres, such as cellulose, in reinforcements.   
While the fibres are perhaps the more celebrated partner, without resin there would be no 
composite parts.  A bicycle made only of carbon fibre, without resin, would collapse under gravity 
into a pile of fabric.  The resin- a plastic- is crucial to the structural properties of the final part, for 
the reinforcement can only be of use when reinforcing something.   
 
Figure 1.1: Making a composite part. 
Resins fall into two categories- thermoplastics and thermosets.  Thermoplastics can be melted and 
separated from the fibres, so are in principle good for recycling, but are expensive, often require 
higher temperatures for processing and are not suitable for all applications.  Most manufacturing at 
the moment focuses on thermoset resins, which undergo a chemical reaction during the process, 
permanently forming the part into the desired shape.   
This is an energy intensive process, involving heat and pressure.  The resin starts to flow as heat is 
applied, allowing it to move between the fibres.  As the heat increases, chemical bonds form within 
the resin, crosslinking between polymer chains until the part is permanently fixed in the desired 
shape.  This is referred to as curing.  This process itself gives off more heat- so one must be careful to 
control the conditions to avoid a runaway exothermic reaction (exotherm) and associated building 
evacuation.     
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Degree of cure 
A part with 100% degree of cure is as fully crosslinked as possible.  In reality, this 
is near impossible to achieve, as the rate of increase of degree of cure slows as 
the 3D polymer structure becomes full of bonds.  For practical purposes, the 
required degree of cure varies depending on what the part will be used for.   
Glass transition temperature, Tg 
In its low temperature state, a cured polymer resin is glassy- hard and rigid.  
Above the glass transition temperature, Tg, the interlinked polymer chains can 
move over each other so the resin becomes rubbery.  Tg is determined by the 
chemistry of the resin and the degree of cure.  As cure proceeds, the polymer 
chains become increasingly interlinked, so at a higher degree of cure the glass 
transition occurs at a higher temperature, though the relationship may not be 
linear.  It is not a discrete, definite temperature, but a range over which the 
transition occurs, so different methods of measuring Tg may give slightly different 
results.  For most applications, where a rubbery part is not desirable, the glass 
transition temperature of the cured composite dictates the upper bound of its 
usable working temperature.   
 
1.5 Uses of Composite Parts 
Composite parts, properly designed, can be far lighter than equivalent parts made of metals or other 
materials while delivering the required properties for the part to carry out its function.  Unlike 
homogenous materials, the fibres in a composite part can be positioned to deliver different 
properties in different directions.  
These advantages, among others, have led to the creation of a large and growing industry.  The 2016 
UK Composites Strategy [2] estimates the current size of the UK market in composites manufacture 
at £2.3bn, with a forecast of reaching up to £12bn by 2030.  This is across a diverse range of sectors, 
as shown.  For the global market, the same report claims: 
 “The Global Market for composite products in 2013, across all sectors, had a value of US $68.1bn. 
The overall market is expected to grow at around 6.5% CAGR over the next 7 years to about 




Figure 1.2: UK Composite Market according to Composites Leadership Forum.  Reproduced from [2] 
An example can be seen in BMW’s investment in composites manufacture- including investing in 
their carbon fibre supply chain- in order to make the i3, and some subsequent vehicles, with a 
mostly composite chassis [3]. The increasing popularity of such electric cars, needing to maximise 
range from a limited amount of battery, and increased taxes on fuel and carbon dioxide emissions 
do a lot to encourage lightweight vehicles even where environmental concerns fail to motivate.   
As advanced composites become more prevalent, then, it is increasingly vital to manufacture them 
efficiently.  Fewer parts discarded due to defects reduces pressure on the limited supply of material, 
as well as saving money.  Energy efficient manufacturing processes are of obvious value, and the 
underpinning knowledge management required to ensure these new technologies are used in the 
best possible way are equally important, along with identifying expert people and working to help 
them pass on what they know and ensuring a supply of suitable staff for the future.   
 
1.6 Manufacturing 
There are many routes to manufacture, which, for thermosetting composites, can be split into two 
broad categories: 
1) Form fibres into desired shape, add resin, cure 
2) Combine fibres and resin, make into desired shape, cure 
The fibres may be unidirectional, woven into a fabric, or braided into a three dimensional shape.  
Where the structural requirements are minimal, short strands of chopped fibre may also be used.  
This is a possible fate for fibres recovered from recycling of composite parts.   
8 
 
1.6.1 Route 1 
Where dry fibres are used, they may be placed into a mould or shaped over a tool by hand or, where 
the shape is appropriate, using robotic tools, including Automated Fibre Placement (AFP). [4]  The 
resin may be poured or injected into a mould or heated press, or infused with the help of a vacuum 
pump.  Monitoring and controlling resin flow is an area of interest as any dry spots left after cure 
render the part scrap.  Where a heated press is used, the part is cured while in the press.  Otherwise, 
it is heated after resin infusion (e.g. in an oven), unless a room temperature curing resin is used.   
 
Figure 1.3: The Schuler Press at the National Composites Centre.  Image from National Composites Centre.[5]   
1.6.2 Route 2 
Fibres and resin can be combined and shaped as part of the same process.  Pressure vessels and 
pipes are often made by filament winding, where the fibres pass through a resin bath on their way to 
being wound around a mandrel.  The final product must be cured, usually in an oven or autoclave.  In 
pultrusion, the cure is part of the process- fibres are combined with resin and pulled through a 
heated die, which cures the resin, resulting in long parts with the same cross-sectional shape.   
For parts where structural properties are not so important, short fibres can be combined with resin 
and applied to a mould like a thick liquid, often as a spray.  Again, this must then be cured.   
However, one of the most common manufacturing methods involves sheets or tapes of fibre 
reinforcement pre-impregnated with resin, known as prepreg.  This is a sticky fabric, which can be 
laid up into the desired shape for the part by either humans or robots.  A laminator places pre-cut 
plies of prepreg onto a tool, manipulating the material to ensure it fits correctly into every detail of 
the shape and pressing it down to stick each layer in place.  The design of the part must account for 




Figure 1.4: Hand layup of prepreg.  Image from National Composites Centre.[5]   
While advances are being made in the robotic realm, including pre-shearing and robots with multiple 
tools [6], most complicated parts- such as aircraft fuselage panels- are laid up by hand, as robots 
have yet to duplicate the dexterity and range of movement available to a human.  Manually 
achieving sub millimetre accuracy is extremely difficult, even with the aid of projected guidance lines 
[4], and skilled laminators are in high demand.  For either flat panels or shapes with simple, smooth 
curvature, Automated Tape Laying (for flat panels) and Automated Fibre Placement (for curved 
parts) can be used.  Prepreg (or sometimes dry fibre) tape is deposited onto a shaped tool by a roller 
on an articulated robotic arm.  Without the heat of a human hand to warm the fabric and enable it 
to stick, the robot must instead use a lamp or laser. Among many possible defects, gaps between 
prepreg tows, parallel to the fibre direction,  can occur and where the tape ends, with a cut across 
the fibre direction, the next tape cannot be lined up exactly, resulting in either an overlap or a small 
area where a layer of prepreg is missing before the next tape starts, referred to as a ply drop  [7].  
These defects affect the final properties of the part, and sometimes cannot be avoided due to the 
part geometry.   
    
Figure 1.5: Automated Fibre Placement Robots on 7m linear axis. Each head can lay up 8x 6.35mm width tows 




Whether in an autoclave, press, oven, heated tunnel or even at room temperature, the 
thermosetting resin must be cured.  Heat provides the activation energy for the formation of 
chemical bonds in the resin.  These reactions are exothermic, so heat from the initial reactions can 
then contribute to the energy required for the next bonds to form, and so on.  Controlling the 
temperature in the composite part is vital, to ensure that sufficient bonds form but prevent a 
runaway exothermic reaction from occurring.  If the resin is overheated it may burn (if oxygen is 
available) or otherwise break down.   
Autoclaves, ovens and heated presses can contain thermocouples linked to their temperature 
control systems, ensuring the equipment and the composite therein does not overheat.  
Thermocouples placed in contact with the part, or- where the structural effects are unimportant- 
inside the part, can be used.  This is the most common form of cure monitoring, tracking the 
temperature only.   
Pressure and/or vacuum are used to ensure good consolidation in the composite, minimising gaps, 
air pockets (voids) and, where liquid resin has been used, dry spots.  This is vital where the 
composite part is important for structural integrity, such as a spar in an aeroplane wing, but matters 
even in non-life-threatening situations.  One would not take a bath in a tub with a hole.   
1.6.3.1 Vacuum bagging 
With the exception of presses and closed resin transfer moulds, where the composite part is cured 
between two matching halves of a shape which join tightly together, the composite part will be 
cured inside a vacuum bag.   
In this example, for prepreg cured in an autoclave, the composite is covered in multiple layers of 
material.  Release film is a thin, flexible plastic, which does not stick to resin- so it prevents the resin 
from sticking to anything else.  Breather is a porous cloth which serves to ensure there are air paths 
from the whole part to the vacuum pump, preventing the top layer from sealing around the valve 
and cutting off the rest of the part.  This top layer is the vacuum bag: a thick, flexible plastic sheet 
suitable for use at high temperatures.  Cork can be used as a support for thermocouples or sensors.   
The vacuum bag is stuck to the tool with a thick and sticky tape suitable for use at the cure 
temperature (bagging tape), into which the bag edges are pressed to ensure a good seal.  Breach 
ports connect the bag to hoses which plug into a vacuum pump or the integral vacuum system of an 




Figure 1.6: Bagging diagram for a composite part. 
No. Description 
1 Tool Plate 
2 Vacuum bag 
3 Release film (non perf) 
4 Bagging tape (up to 200○C) 
5 Breather fabric  
6 Vacuum breach port locations 
7 Cork 
Table 1.1: Materials for bagging a composite part. 
Vacuum is sufficient to noticeably consolidate the composite part, and for some applications this is 
all that is needed.  Where the final part must be further consolidated, an autoclave or press is used.   
1.6.3.2 Ovens and autoclaves 
Once vacuum bagged, the part is often cured in an oven or autoclave.  The vacuum ports and any 
thermocouples are connected to the autoclave.  The cure cycle is specified as a recipe. After curing 
the part is removed and de-bagged.  The composite part is now set in the desired shape.   
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Figure 1.7: Autoclave, 11.2m long x 3.55m diameter [8]. Image from National Composites Centre.[5] 
 
1.7 Efficiency 
When considering these many routes to manufacture, a business must weigh up the requirements 
for the final part against the pros and cons of each.   An AFP- built bathtub might do the job, but 
unless the customer is especially gullible the business will not recoup the costs of manufacture.  
Composite parts for spacecraft are not likely to be made by short fibre sprayup [9]–[12].   
The principles of using both knowledge management and in-process monitoring to increase 
manufacturing efficiency can be applied to any of these routes.  Indeed, a better understanding of 
knowledge transfer can be useful in any industry.  An AFP-type defect in prepreg layup was studied 
when developing In-Process XCT Scanning.  Cure cycle optimisation has been studied by 
instrumenting an autoclave, as autoclaves remain popular in industries such as aerospace and are 
energy intensive.   
1.7.1 Energy efficient cure 
The recommended cure cycle for the widely used Hexcel 8552 prepreg [13] in a small (2m working 
diameter by 3m working length) autoclave uses approximately 180kWh of energy (see Chapter 5), 
and takes 6 hours.  Most industrial autoclaves are far larger.  For a business running continually; 3 
runs per day, 7 days per week; with even this small autoclave, the yearly cost of this energy would 




Figure 1.8: Hexcel's recommended cure cycle for 8552.  Reproduced from Hexcel 8552 Data Sheet [15].   
The recommended cycle, quite reasonably, errs on the side of caution.  However, if the part should 
reach the required degree of cure- which varies with the part design and its intended job- early in 
this cycle, following this recipe may use energy- and hence money- needlessly.   
Simulation can be used to predict the best possible cure cycle for a part- where ‘best’ might mean 
lowest energy usage, quickest that does not result in a runaway exotherm, or cheapest that fits in a 
standard factory shift pattern, among other things.  However, simulation does not always reflect 
reality- particularly where the conditions may vary rather than sticking to a theoretical ideal.   
The progress of the cure can be tracked directly using sensors placed in contact with the resin [16].  
Either through trial and error or combined with a theoretical model, these sensors can be used to 
optimise the cure cycle for the part.  Direct feedback from the sensors to the autoclave control 
system could, in theory, be used to adjust the cure cycle based on what is really happening [17].  An 
implementation of this- automatically cooling the autoclave when the required degree of cure is 
reached- is trialled in Chapter 5.     
1.7.1.1 Dielectric monitoring 
Dielectric monitoring has long been used to study composites and resins in academia [18]–[20] but 
to date, is rarely seen in an industrial setting.   The technology is based on the response of the resin 
to an electric field.  Electrodes are placed in contact with the resin, and a field is applied, with a 
setup somewhat like a capacitor.  Using alternating current, the charges on the electrodes switch 
back and forth, and the charged species in the resin respond accordingly.  The response changes 





Figure 1.9: Charged particle response to alternating current 
As the resin cures, new chemical bonds form and so the response to the applied current changes.  
On the most basic level, one can see that when the response ceases to noticeably change- and is still 
within the limits of the equipment, little will be gained by continuing to hold the resin at that 
temperature.  With the addition of a model of the resin behaviour- there are many resins, with 
different chemical components, so they all respond differently- the degree of cure and glass 
transition temperature can be tracked by the monitoring system software.   
A simpler system based on the same principle of response to an electric field is a direct current (DC) 
sensor.  This measures the resistivity between the two electrodes and can also be used to see when 
the cure has gone as far as it is going to.  It cannot give as much information as the DEA system but 
may be sufficient for many applications.   
A sensor consists of an interdigitated electrode on either a flexible substrate or a robust, reusable 
mounting for integration into a tool plate. Where carbon fibre, which is electrically conductive, is 
used, the sensor must be covered with a veil- usually made of glass fibre- through which the resin 
can pass but the carbon fibre cannot, to avoid shorting.   
 
 




A tool mounted sensor will only track the progress of the cure at the surface.  Flexible sensors can be 
laid up inside a part.  Once cured into place, these can be unwelcome as they affect the structural 
properties.  Internal sensors do however give a far clearer overall picture, as cure at critical points 
inside the part can be measured.  The cure will often proceed differently in areas of different 
thickness. A thick stack of prepreg might initially take longer to heat up than a thinner one- but once 
the exothermic reaction starts, it will emit more heat.   
It seems reasonable to suggest that internal sensors could be used during the prototyping phase, 
then a tool mounted sensor during manufacture.  When using carbon fibre, it is important that the 
sensor be shielded with glass fibre so that the conductive carbon does not cause it to short out.   
1.7.1.2 Comparative measurements 
In order to test the dielectric sensors, their measurements must be compared to something.  A 
combination of simulation and physical measurements of degree of cure and Tg are used.   
Differential Scanning Calorimetry (DSC) 
Differential Scanning Calorimetry is a thermal analysis technique, where the input 
heat flux required to heat a sample of known mass is compared to that of an 
otherwise identical empty control vessel, as a function of temperature.     
To determine the degree of cure of a part, DSC is first carried out using a known 
mass of uncured prepreg as the test sample.  The measured total heat emitted 
during the cure, per gram of the material, is then recorded as the total enthalpy 
of reaction.   
This procedure is then repeated using a sample from the composite part, cut from 
the position where the measurement is needed.  This second test sample, again of 
a known mass, goes through the exact same process as the first, with the same 
temperature profile.  As this sample is at least partially cured, less heat is emitted 
as there are fewer unreacted species within the resin.  The measured heat 
emitted for this sample, per gram, is recorded as the residual enthalpy of cure.   
The degree of cure, α, is calculated by dividing the sample’s residual enthalpy of 





Dynamic Mechanical Analysis (DMA) 
Dynamic Mechanical Analysis subjects a sample to a sinusoidal oscillation while 
the temperature is steadily increased.  The strain response of the sample is 
measured and compared to the applied stress.  The phase lag, δ, between the two 
waveforms- applied and response- is also measured.  These are used to calculate 
the storage and loss moduli of the sample, which represent stored and dissipated 
energy, or the stiffness and damping of the material.   
Storage modulus=(max stress/max strain) cos δ 
Loss modulus=(max stress/max strain) sin δ 
As a material passes through the glass transition, changing from a hard, brittle 
solid to a rubbery state, the response to the oscillation changes dramatically.  By 
plotting the loss and storage moduli, and tan δ, against temperature, Tg can be 
estimated- from either the peak in tan δ or the start of the pronounced drop in 
storage modulus- as the material becomes much less stiff.   
 
Figure 1.11: Example of Tg measurement using DMA. 
The glass transition temperature, Tg, is not a single point but a range.  It is 
therefore important to use the same measurement (commonly tan δ peak) for all 




Changes in part properties, including degree of cure and Tg, can be simulated based on a 
mathematical model of the resin behaviour, constructed from the results of numerous practical 
tests- including many DSC and DMA experiments.  Commercial simulation tools are available.  These 
can simulate the cure based on either an idealised temperature profile or measurements taken from 
a real cure, such as from thermocouples embedded in a part while it cures in an autoclave [23].   
1.7.2 Reducing scrap rate 
It is important to reduce the scrap rate of composite parts, being better for the producer and for the 
environment.  Parts with defects may have to be scrapped, so understanding how they form and 
evolve through the cure process can be useful. 
1.7.2.1 Dielectric monitoring 
Wet-out in liquid resin processes 
For liquid resin processes, wet-out can often be a problem.  Resin does not always flow into a mould 
the same way, and dry spots may be left in the preform.  A part with a dry spot, once cured, is 
unlikely to be salvageable.  The author has spoken with representatives of manufacturers who claim 
they lose 10% of some of their products to this problem.   
Monitoring the resin flow front by using dielectric or DC sensors to identify resin arrival at key points 
can either identify simple fixes (e.g. changing pressure application/resin volume/ inlet or outlet 
positions) or enable online control of the flow.[24]  Either way it is possible ensure the part is 
completely filled with resin.  This will lead to fewer rejected parts, so can be of considerable value.  A 
case study is included in Chapter 6.   
Material status monitoring 
The amount of time prepreg has spent outside the freezer, variation between batches, local 
conditions on the day and variations in mixing of resin and hardener for liquid processes, among 
other things, can all affect the properties of the resin.   
Dielectric monitoring can be used to check the status of the material and, where necessary, make 
adjustments.  This could include monitoring the resin:hardener ratio during injection or the degree 
of cure of any part during processing- either with active control- or simply for quality assurance.   
A small sample of prepreg can be checked with a dielectric sensor before layup and compared to 
what is expected.  Adjusting the cure for the material status on that day may increase the usability 
window of the material, reducing waste [25].  A case study is included in Chapter 6.   
18 
 
1.7.2.2 Defect tolerances 
It is far from easy to lay up a part without any defects occurring.  An AFP machine will leave a slight 
gap between strips of prepreg or overlap them slightly.  A foreign object- such as a speck of dust or a 
sliver of backing paper- can accidentally be stuck to a ply and end up inside the part.  A human 
laminator, even a very good one, will find it difficult to position each ply to sub- millimetre accuracy.  
Trapped air can form voids, corners can accidentally become folded over, and in more complicate 
parts it can be difficult to make the stiff prepreg form the detailed shape required.  Sometimes the 
geometry of the part means gaps and overlaps are unavoidable, such as shown in Figure 1.12, where 
tows are laid up over a curved hemisphere.  The curvature means straight lines of fibre cannot be 
laid up without defects.  [4], [26] 
 
Figure 1.12: Automated Fibre Placement type tapes placed on a curved hemisphere.  Reproduced from [26]. 
The ability to track a defect through the cure process could, in theory, contribute to defining 
manufacturing tolerances.  It is vital that we do not allow anything potentially dangerous to go into 
service- and also important to reduce our carbon footprints, not to mention wastage of time and 
money, by not scrapping that which would have been safe to use.   
To find out what actually happens to these small scale defects as the cure progresses, we turn to XCT 
Scanning.  CT scans to track composite cure usually involve making multiple samples and quenching 
them- often with a quick application of liquid nitrogen- to stop cure at different stages during the 
process[27], [28].  As it is difficult to manufacture identical defects, and the quenching process may 
affect the result, we chose to develop a technique for In-Process XCT Scanning of composite samples 
during the cure, so a single test part with a deliberately created defect can, for the first time, be 





Figure 1.13: Micro X-ray Computed Tomography Scanning 
In an industrial CT scanner, the source and detector are fixed while the sample rotates through 360 
degrees and X-ray images are taken.  These are then reconstructed with image processing software 
into a 3D volume, where the sample and its interior features can be analysed.  A greater number of 
images produces a better quality 3D volume, with small features visible.  The longer the exposure of 
each image, the less noisy that image is likely to be, as cosmic rays and other random noise are 
overwhelmed by the photons collected in the projected X-ray image.  Scans of composite samples 
often take ~4 hours. However, to capture changes occurring during the cure process, much faster 
scans must be used, so there is a trade-off between scan time and scan quality.   
 
1.8 Knowledge management 
These technical challenges have the potential to contribute greatly to improving the efficiency of 
composites manufacture.  However, this can only be achieved if the technologies are used to their 
full potential by skilled people with the necessary knowledge to get the best from them.   
Knowledge management is often considered fluffy.  Full of waffle and consultants telling people 
what they already know.  Not. Proper. Science.  To be fair, it can be used for those things.  But 
dismissing it at first glance means missing the useful benefits hidden beneath the buzzwords.   
It is easy to find problems due to poor knowledge management.  When an expert leaves, there is no-
one left who understands their work- which is vital for that new contract.  Purchasing the autoclave 
was a complete fiasco, it would be preferable to avoid those mistakes next time.  A student needs a 
length of plastic hose and spends hours trying to find where such a thing might be kept, then must 
find someone with access to that room.  There is a cool new technology that could save the business 
time and money- but it is buried in academic papers that staff cannot access to read.   
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It is not possible to solve all such knowledge management problems within this work, but a study of 
industrial and academic organisations in the composites industry is presented in Chapter 3, intended 
to inform suggestions for industrially focused knowledge transfer to help bridge the gap.   
1.8.1 Knowledge Transfer in a Business 
Efficient knowledge transfer can make a big difference to any business and is particularly applicable 
to the composites industry, where new technologies and new applications are constantly being 
developed.  An organisation which manages knowledge well solves problems quickly, as relevant 
information is easy to find and the staff know- or can look up- who the experts are in what area.  
Well planned, effective knowledge transfer means training staff efficiently, ensuring everyone knows 
who or where to go to for answers to their questions, and retaining an employee’s knowledge within 
the business after they leave- by ensuring it has been transferred to others.   
1.8.1.1 From Data to Wisdom 
The jargon of knowledge management makes distinction between data, information, knowledge and 
wisdom.  There is disagreement on exact definitions.  For this work, the following will be used: 
Data Raw data, e.g. numbers output from a measuring device or program 
Information Organised data, that you might draw conclusions from, e.g. Figure 11 tells me the 






Tacit   
Combination of information, experience and sometimes skill, existing in a person’s 
mind.  Subdivided into:  
can be recorded for others to reference.  This could for example be a rule of thumb 
(operating temperature limit should be x degrees below Tg) or a list of instructions 
for completing a task- also referred to as Know-How.   
cannot easily be codified.  For example, a footballer may not be able to describe 
exactly how she puts a penalty into the top-left corner.  She does not measure the 
wind direction and air pressure in the ball or calculate exactly where she should 
make contact and with how much force.  And there is no list of instructions which 
could enable me to replicate her feat.   
Understanding Knowing Why.  If we covered the footballer and ball in sensors we might build a 
model of the penalty kick and find out why her kicks land in goal.   
Wisdom Use of judgement- developed from experience- to make good decisions. 
Table 1.2: Definitions of knowledge management terms 
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1.8.1.2 Information Management 
A key part of a knowledge strategy is information management.  Recording lessons learned, for 
example- and importantly, making sure they are read and used. This is discussed in Chapter 3.   
1.8.1.3 People (with) Skills 
A phrase I use repeatedly in presenting knowledge transfer studies is ‘Knowledge has Legs’.  In a 
business, the knowledge you need exists in the minds of your staff.  From this perspective, the 
importance of effective knowledge transfer becomes obvious- if a key person leaves, you do not 
want their knowledge to walk out of the door with them.   
The Knowledge Transfer Study, presented in Chapter 3, combines some well-known tools- with slight 
modifications- with simple opinion based questions to provide a snapshot of a team or business, 
showing what works well and what does not, who the key people are, which competencies are 
available and any obvious gaps.   
Quantifying Competence 
One standard tool, often called a skills or competence matrix, involves asking staff members to rate 
their expertise in topics of interest to the business, usually from 0 to 5.  While guidance on what 
each level means can help, self-rating is unavoidably subject to personal interpretation so cannot be 
considered an objective measurement.  The individual’s personality makes a difference, with some 
tending to downplay their own competence while others can be over-optimistic about their abilities.   
The Engineering Council definition of Competence will be used here: 
“Competence is the ability to carry out a task to an effective standard. To achieve competence 
requires the right level of knowledge, understanding and skill, and a professional attitude. 
Competence is developed by a combination of formal and informal learning, and training and 
experience, generally known as initial professional development. However, these elements are not 
necessarily separate or sequential and they may not always be formally structured.”  [29] 
1.8.1.4 Knowledge Networks 
A Knowledge Network is a form of social network, often represented as a diagram such as in Figure 
1.14.  Each node represents a person and the colour or thickness of the lines between them 
represent the strength of the knowledge transfer.  In this instance red nodes are learning from blue 
nodes- and it can be seen that most team members are represented by both, with learning often 
going both ways.   
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Figure 1.14: A Knowledge Network.  Diagram generated using UCINet [30]. 
There are two main types of knowledge network [31].  A ‘push’ network describes teaching, which 
might be in a classroom, through a mentoring scheme, on the job or any situation where one person 
is tasked with imparting knowledge to one or more others.  The strength of the link is a 
representation of how active the learning is, from passive listening to guided experimentation.  A 
‘pull’ network describes questioning, where the learner chooses to ask a question of someone else.  
Here the strength of the link represents how frequently one person questions another.   
1.8.2 The Composites Competency Crisis 
One of the key problems currently facing engineering businesses in the UK is shortage of engineers.  
The Jobs and Growth report [32] from the Royal Academy of Engineering suggests that 28% of the 
Gross Value Added to the UK economy comes from engineering sectors (2009 figures) and that the 
UK needs up to 50% more STEM graduates.  In the composites field this problem is particularly 
notable, as the experts who drove the development of the composites industry are now reaching 
retirement age, while the sector is predicted to grow significantly [2].  It is vital to ensure we do not 
lose the expertise of the retirees as they head off for relaxation and sunshine.  This makes 
transferring knowledge to the new generation of engineers, and ensuring we make the most of the 
limited resource these new people represent, particularly vital.  Supporting transfers from other 
areas of science and engineering will be important as well as using links to schools and academia to 
encourage more students to study STEM subjects and to ensure those that do come away with 
industry relevant knowledge and skills.  [33] 
1.8.2.1 Academia to Industry 
Linked to this is the importance of knowledge transfer between academia and industry.  For a new 
technology to take hold in the ‘real world’, it must be understood in industrial terms rather than 
purely academic value and communicated appropriately.  Dielectric monitoring of composite cure is 
a good example, established in academia and just beginning to be used in industry [34].  Chapter 6 is 
an industry focused resource on this topic.   
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1.9 The National Composites Centre 
The National Composites Centre, which hosted and partially funded this research (along with 
EPSRC), is a High Value Manufacturing Catapult Centre.  Its purpose is to develop capabilities for 
manufacturing of advanced composites, taking basic research from academia and delivering industry 
suitable demonstrators to member and client companies, as in Figure 1.15.  This is an important 
space, as without something to bridge the gap between academia and industry, many technologies 
fail.  The NCC is owned by the University of Bristol, which is also part of the Composites Future 
Manufacturing Hub, providing a strong link to academia.  Industrial members contribute to funding 
core research, which is open access, as well as funding specific programmes for their own uses.   
This means that enabling and encouraging knowledge transfer from academia to industry is squarely 
within NCC’s remit.   
Capability development also refers to training people to work with these technologies in the 
composites field.  This can include apprentices, new graduates and EngD candidates- but also 
providing training for experienced engineers who do not have experience with composites.  Partially 
funded by the UK government, Catapult centres are intended to support development of industry 
and hence jobs and economic growth.   
 




1.10 The EngD in Composites Manufacture 
 
Figure 1.16: Non-Artist's Impression of the EngD 
The Engineering Doctorate in Composites Manufacture fits neatly into this theme- and the work 
done at the National Composites Centre.  Aiming to develop ideas from academia and move them 
into industry- while simultaneously preparing the student for the option of working in industry- it is a 
cross between a PhD and an industrial research job.  The two technologies studied in this EngD fit 
the theme nicely- but the underlying importance of knowledge transfer is something which might 
reasonably be considered in all such projects.  Our work has far more value if it is easily used.   
As this is not a traditional PhD, the thesis is likewise non-traditional.  This introductory chapter is 
intended to make the thesis accessible to those with less familiarity with the subject matter.  There 
are multimedia elements in the appendix.  Business concerns must be considered alongside the 
scientific, and rather than studying one area in depth, a range of topics are brought together- all on 




Chapter 2  
 
2 Literature Review 
 
2.1 Scope 
This chapter is intended to provide an overview of topics relevant to the thesis, with sufficient 
background to facilitate the non-specialist reader’s appreciation of both the content and context of 
the original research presented in this thesis.   
The cure of thermosetting resins is key to the experimental campaigns described in Chapters 4 and 
5.  Cure kinetics models are introduced to provide the necessary background to follow these 
discussions, and models are described for the two resins used: M21 for tracking of defect evolution 
using in-process micro-XCT and 8552 for cure cycle optimisation and control with dielectric cure 
monitoring.   
A major focus is in-process monitoring of composites with dielectric analysis, to explain the 
theoretical basis for the measurements used to track degree of cure in Chapter 5.  The equipment 
used for dielectric analysis (DEA) and the theoretical basis for tracking degree of cure based on the 
imaginary impedance maximum (versus frequency) of the resin is explained.   Industrial applications 
of the technology are briefly discussed and it is compared to other cure monitoring techniques.   
X-ray computed tomography is also used in this thesis, to track defect evolution, as discussed in 
Chapter 4.  Relevant aspects of processing XCT reconstructions and examples of time resolved XCT 
studies are reviewed here, along with  an introduction to the defects studied, tow gaps and ply drops 
typical of Automated Fibre Placement (AFP) manufacturing.   
In order for such technologies to become useful to industry, the practical developments should be 
accompanied by industrially targeted knowledge transfer, which requires an understanding of both 
the basic principles of knowledge management and methods used to study knowledge transfer in 
organisations.  A literature review such as this is of course an example of academic codification of 
knowledge- other approaches may be more suitable in industry.  This is discussed at the end of the 
review in preparation for the knowledge transfer studies presented in Chapter 3 and the suggested 
knowledge transfer resource for dielectric monitoring which makes up Chapter 6.   
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Results from both of the in-process monitoring techniques used in this thesis are discussed with 
reference to the changes in the respective resins during the cure process.  It is therefore necessary 
to begin with a quick explanation of models used to describe the cure.   
 
2.2 The Cure Process 
Cure of a thermosetting resin is a chemical process, where relatively small molecules and polymer 
chains react to create large, crosslinked polymer macromolecules.  A system with the maximum 
possible amount of chemical bonds is considered 100% cured- something unlikely to be achieved in 
practice.  The cure process is exothermic.   
2.2.1 Time-Temperature Transformation diagram 
Enns and Gillham’s [35] classic time-temperature transformation phase diagram describes the 
changes which occur during cure, by showing the time required to reach gelation and vitrification 
(vitrification occurs at the glass transition temperature, Tg, which changes as the resin cures) for 
isothermal cure.  A version of this diagram is shown in Figure 2.1.   
 
Figure 2.1: Time-temperature transformation diagram.  Reproduced from [35] 
Isothermal cures are usually between the gel Tg and maximum possible Tg∞, to result in a vitrified 
resin.  Beginning in a liquid state, the resin gels then (unless T ≤ gelTg) passes through the rubbery 
phase before vitrifying.   
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Once as cured as reasonably possible, without leaving it for an impractical length of time, the resin 
has a final Tg.  If the cured part is heated above its final Tg it becomes rubbery, returning to the glassy 
state when cooled.  Tg is therefore important in determining the usable temperature range of a part.   
2.2.2 Cure Kinetics  
The degree of cure, or chemical conversion, of a resin is considered a measure of how close it is to 
being maximally cross-linked.   It is defined in terms of the heat emitted by the curing reaction.  At 










Where Htotal is the total heat emitted during a ‘full’ cure and H is the heat released at any time t [36].   
This is the principle used when measuring degree of cure of a partially cured with DSC, where the 
residual heat of reaction remaining in a partially cured sample, Hres, is measured by curing it the rest 
of the way, and compared to Htotal as measured by fully (to the limit of the equipment) curing a fresh, 





Cure kinetics equations are used to model the change in degree of cure as the reaction progresses.  
The simplest model is an nth order rate equation[37]: 
d𝛼
d𝑡
= 𝐾(𝑇)(1 − 𝛼)𝑛 (2.3) 






Here E is the activation energy of the reaction, R the gas constant and T is temperature, with A being 
an Arrhenius constant.   
The expressions given in 2.3 and 2.4 are used as a model for an epoxy system with no 
autocatalysation. Where autocatalysation does occur- that is, products of the reaction act as 




𝑚(1 − 𝛼𝑛) (2.5) 
Skordos and Partridge [37] explain that having only a single rate constant K0 limits the accuracy of 





= (𝐾1 + 𝐾2𝛼
𝑚)(1 − 𝛼𝑛) (2.6) 
The constants Ki all follow the form of equation 2.4 
Karkanas and Partridge [36] found a modification to this model gives a better fit to measured data at 
the end of the cure for certain resins: 
d𝛼
d𝑡
= 𝐾1(1 − 𝛼)
𝑛1 + 𝐾2𝛼
𝑚(1 − 𝛼𝑛2) (2.7) 
In the same paper, Karkanas and Partridge [36] discuss a resin with a cure process involving multiple 
reactions.  Here the overall reaction rate is considered to be a weighted (Wi) sum of the individual 










Cure kinetics models for a given resin are defined by fitting one of the above equations to 
experimental data, commonly from DSC cures.   
2.2.2.1 Isothermal degree of cure 
Reaction rates can be affected by factors other than bond formation- in particular, if vitrification 
occurs, diffusion of reactants is far more limited.  Modified models, allowing for a limit on degree of 
cure after glass transition, have been developed, such as the example given by Hubert et al [39].   
d𝛽
d𝑡
= (𝐾1 + 𝐾2𝛽
𝑚)(1 − 𝛽)𝑛 (2.9) 
β is the isothermal degree of cure, the “limiting degree of cure at a given temperature”[39], which is 





HT(T) is the amount of heat which would be given off by curing isothermally at temperature T for an 
infinite length of time.   
2.2.2.2 Relating degree of cure to Tg 
The DiBenedetto model [40], based on a description of the degrees of freedom of and interactions 
between different segments of polymers, relates the change in glass transition temperature as the 
cure proceeds to the degree of cure [41].  This assumes that the whole resin has a single glass 
transition temperature at any given moment.   
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The DiBenedetto equation shown below relates the glass transition temperature Tg, compared to the 















Here Fα/Fm is the ratio of mobilities of polymer segments within the resin, for (partially) cross-linked 
polymers at degree of cure α and initially, as monomers (m).  Similarly, eα/em refers to the ratio of 














Where d refers to density, δ to solubility parameter and (M0)m is the molecular weight of a monomer 
and (M0)α the molecular weight of the equivalent unit of a cross-linked polymer. [41]  
Enns and Gillham [35] demonstrated a good fit between the DiBenedetto equation and experimental 













Pascault and Williams [42] set Fα/Fm=λ 





1 − (1 − 𝜆)𝛼
(2.14) 
Pascault and Williams [42] also re-derived the above equation based on changes in heat capacity 
between the monomers and crosslinked network, supporting its validity.   
2.2.2.3 Model for Hexcel M21 resin 
Chapter 4 reports a study of defect evolution with in-process XCT Scanning was carried out using 
M21 prepreg. [15]  The curing behaviour of M21 as characterised by Kratz et al [43] is referred to in 
interpretation of the results.  This uses the model suggested by Karkanas and Partridge[36], shown in 
equation 2.7.  The parameters for this model were found by fitting to the results from both 
isothermal and dynamic (fixed rate of temperature increase) scans.   
With reference to equations 2.7 and 2.4, the parameters used are shown in Table 2.1.  (Dr. James 




Table 2.1: Cure kinetics parameters for M21 resin, from model by Kratz et al [43] 
 
Figure 2.2: Comparison of experimental and theoretical models for cure of M21.  Reproduced from [43] 
Using DSC data and the DiBenedetto model, Kratz et al found uncured and ultimate glass transition 
temperatures of Tg0=1.5○C and Tg∞=194○C respectively, with fitting parameter λ=0.67.   
2.2.2.4 Model for Hexcel 8552 Resin 
The stepped wedges used for cure cycle optimisation with dielectric monitoring, presented in 
Chapters 5 and 6, were made from 8552 prepreg.  [13]  The cure kinetics model used in both the 
dielectric monitoring and simulation software is the NCAMP model [23], [44].  This model includes 
































𝑅𝑇 (1 − α)2.347(α + 0.1594)1.413 (2.17) 
d𝛼𝑘2
d𝑡
= 3.963 × 1011e
−133168.3
𝑅𝑇 (1 − 𝛼)1.029𝛼5.586 (2.18) 






The parameter b has three different states.  Where Tg<120○C, b=0.021.  120○C <Tg<195○C, b is linear 
between 0.021 and 0.031.  Where Tg>195○C, b=0.031.   
The DiBenedetto model is used to relate degree of cure and glass transition temperature, but the 
NCAMP model does not take into account the known drop in Tg at high degree of cure due to 
degradation.  This is shown, with the model parameters, in Figure 2.3. 
 
Figure 2.3: NCAMP model for 8552 resin, with parameters for DiBenedetto equation.  Reproduced from [23] 
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2.3 In-Process Monitoring in Composites Manufacture 
NPL’s good practice guide [45] defines cure monitoring as “a means of tracking the real-time 
changes in physical state or chemical reaction that occur during the curing process”.  Real time 
measurements should, in principle, allow changes to be made to the cure process in, either by 
manual intervention or active process control.  Konstantopoulos et al in their 2014 review [46] argue 
that the main function of this is to minimise production costs, through process optimisation, ‘quality 
upgrade’ (defined as working towards eliminating defects) and material characterisation.   
All three of these categories are relevant to the work in this thesis, as use of Dielectric Analysis (DEA) 
for process optimisation is demonstrated- with active process control- in Chapter 5 and the use of 
the same technique for material characterisation is among the industrial uses of the technique 
presented in Chapter 6.   
Tracking defects, however, requires a different technique.  Understanding of their evolution during 
the cure process can inform design and manufacturing of composite parts.  The novel In-Process XCT 
Scanning method presented in Chapter 4 is applied to this problem for two types of defect typical of 
Automated fibre placement [47].  It is hoped that a better understanding of defect evolution may, as 
well as contributing to quality of the final parts, become useful in defining manufacturing tolerances, 
facilitating process optimisation and hence minimising of costs.   
For example, the position and size of voids in the final cured part are shown to be important to the 
fatigue induced failure of certain samples, intended to be representative of wind turbine blades 
though with some limitations, in Lambert et al’s 2012 paper [48], but this begins with fully cured 
samples- one cannot draw conclusions about acceptable void sizes at the layup stage or understand 
how they evolved during manufacture- only during failure.    
A variety of sensor technologies are available for tracking material properties during cure- many of 
which can be used with industrial equipment for composites manufacture.  For the case of wind 
turbine blades in particular, Schubel et al’s 2013  review [49] discusses both monitoring of the cure 
during manufacture and structural health monitoring during the blade’s lifespan, concluding that 
dielectric, acoustic, ultrasonic, thermal and fibre optic strain monitoring methods are feasible.  
Konstantopolous et al’s aforementioned 2014 review [46] covers the more popular in-process 
monitoring techniques, shown in Table 2.2.  Industrial applicability is mentioned, though the 
discussion does not use industrial terms such as technology readiness levels.  Knowledge transfer 
between academia and industry is crucial to encouraging technology transfer [50], which will be 




Table 2.2: Table listing popular cure monitoring techniques, reproduced from [46].    
The authors consider all of the listed methods save for pressure transducers as suitable for tracking 
‘curing degree’.  However, they do not consider optical fibre techniques suitable for industrial use 
due to their fragility.  Having connected up both optical fibres and flexible dielectric sensors for cure, 
the author of this thesis respectfully disagrees.  Care is required during layup and for everyday 
industrial usage ruggedised connectors will be needed, in both cases, but this is certainly possible. 
Optical fibres are however more commonly used for tracking strain using Fibre-Bragg Gratings.  
While spectroscopic techniques for tracking degree of cure can in principle be carried out using 
optical fibres, comparisons to other cure monitoring techniques such as DEA are more frequently 
made with laboratory based spectroscopes [38], [51].  This work is restricted to tracking the progress 
of the cure rather than mechanical properties such as strain.  The cure monitoring aspect focuses on 
Dielectric Analysis (DEA).  DC resistance cure monitoring sensors were also tested.      
 
2.4 Dielectric Analysis (DEA) for Cure Monitoring 
A dielectric sensor consists of two electrodes placed in contact with the resin or the area it will flow 
into.  The resin completes an alternating current circuit.  As the charge on the electrodes alternates, 
the species which make up the resin respond to this.  Varying the frequency of the sinusoidal voltage 
results in a spectrum of responses, as different effects dominate at different frequencies [17].  This is 
also called dielectric spectroscopy [52] or impedance spectroscopy [53].  As the cure progresses, the 
chemical composition of the resin changes, so changing the resin response.  Commercial systems for 
dielectric analysis exist [34], [54]–[57], some research groups also develop their own [58].   
Pethrick and Hayward’s 2002 review [59] details some other applications of dielectric analysis, along 
with cure monitoring.  One of these is to study water absorption [60]–[63], a potential structural 
health monitoring application for embedded sensors remaining in parts during their service lifetime.  
Raihan et al [62] have used dielectric spectroscopy during mechanical tests.   
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2.4.1 Sensor technologies 
There are broadly two ways in which the dielectric properties of resins are measured- by electrodes, 
either parallel plate or interdigitated, in a circuit as described above; and by microwave cavity.   
2.4.1.1 Microwave cavity 
Included for disambiguation only- it is possible to measure the dielectric properties of a material by 
the shift in resonant frequency of a microwave cavity [64], [65] and to use this to track the cure.  
This is impractical for most industrial processes, though it may be of use where microwave cure is 
used or on pultrusion lines.[66].  The microwave cavity method has not been used in this work. 
2.4.1.2 Parallel plate electrodes 
The parallel plate method preceded smaller interdigitated sensors [19] for dielectric analysis of both 
resins and composites.  Self- contained laboratory instruments for dielectric analysis, widely used for 
study of resins[38], [67]–[72], often use either this setup or a variation with a cylindrical capacitor for 
the electrodes [73].    
Parallel plate electrodes, unlike interdigitated sensors, measure the bulk properties of the material, 
as the electric field passes between the electrodes through the thickness of the sample or, 
theoretically, part.  This can be considered an advantage over interdigitated electrodes, which 
measure only a small distance inside the composite part.   
 
Figure 2.4: (a) Parallel plate electrodes, with electric field through the whole sample, and (b) interdigitated 
electrode with fringing electric field.  Reproduced from [46].   
Parallel plate electrodes have been suggested for Resin Transfer Moulding (RTM) as the process 
involves a closed mould, as shown in McIlhagger et al’s paper [74], reproduced as Figure 2.5.  This 
team have used a laboratory based parallel plate dielectric analysis system to approximate the RTM 
process for both glass fibre [75] and carbon fibre [74] reinforced parts, though they choose only a 
single frequency for each part and report measurements of the ionic conductivity and derived items 




Figure 2.5: Parallel plate sensors for Resin Transfer Moulding.  Reproduced from [74] 
However, a major problem for the use of this method during manufacture is the requirement for the 
sensor geometry- electrode dimensions and separation- to be known and to either remain 
consistent or be re-calibrated if something changes.  The capacitance and resistance of the parallel 
plate setup depends on the area of the plates, A, separation, D, frequency of the sinusoidal voltage, 











ϵ’ is the relative permittivity of the material under test and ϵ’’ is the dielectric loss factor.  These are 
the components of complex relative permittivity.  They change during the cure and can hence be 
used to track its progress, as detailed further on.  Keeping these dimensions constant is difficult as 
during a cure the distance between the top and bottom plates may change as pressure is applied to 
the part.  
Kobayashi et al [76] have tested a sensor system consisting of two flexible grids of electrodes, to be 
placed on either side of a closed mould.  Measurements are taken using pairs of electrodes, which 
are used to visualise the degree of cure over the whole part, showing variation across the area of the 
part- though of course not through the thickness.   
Where the part is not cured in an enclosed mould or press, parallel plate sensors are not suitable.   
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2.4.1.3 Interdigitated sensors 
    
Figure 2.6: Flexible electrode.  Figure 2.7: Parallel plate and interdigitated electrodes. Reproduced from [77] 
The development of small interdigitated electrodes (also called IDEX or comb electrodes) for use in 
dielectric analysis ensured that the electrode geometry could be kept constant [19], [78], [79], as 
shown in  Figure 2.7.  Spacing between parallel plates may change with temperature or applied 
pressure, but a fixed geometry means the system does not need to be continually re-calibrated 
during the cure.  Modern interdigitated sensors can be built into moulds or embedded within a part 
and can be used with manufacturing equipment such as autoclaves, ovens, presses and moulds.   
Unlike the parallel plate electrodes, the electric field is restricted to a region close to the sensor.  To 
track cure throughout a part, multiple sensors must be used.  The electric field penetrates a small 
distance into the resin, sufficient to monitor cure through a thin layer of another substance such as 
release agent or thermoplastic [80].   
Figure 2.8 shows the penetration of this fringing electric field into the composite material under test, 
showing field penetration of 1.2 times the distance from the centre of one electrode to the next 
[17].  Yang et al [81] measured the increase in capacitance as the thickness of the dielectric was 
increased.  They found that above a thickness of 0.6D the rate of increase of the capacitance 
decreased, estimating the practical limit of sensitivity on their sensors as a thickness of resin equal to 
D (in their paper, λ=2D).  This is a little less in practise than the 1.2D suggested by Partridge and 
Maistros [17], whose diagram resembles the theoretical calculations of Van Gerwen et al [82].   
 
Figure 2.8: Penetration of fringing field into test material.  Reproduced from [17] 
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Where conductive reinforcement such as carbon fibres are used, it is necessary to protect the sensor 
electrodes in order to prevent shorting by the conductive fibres.  This is commonly done with glass 
fibre cloth and some commercially available flexible sensors, such as NETZSCH’s Kapton based 
sensors (used in Chapter 5), are sold with an integrated glass fibre veil[56].   
The spacing of the electrodes affects the depth to which the field penetrates.  This can be important 
where a layer of release agent or surface coating sits between the sensor and the resin, such as the 
thermoplastic layer placed between sensors and resin by Meier et al [80], who found the dielectric 
sensor had sufficient penetration to track the cure despite this.  Interdigitated sensors integrated 
into the tool or mould are most likely to require this extra penetration, as such surface layers are not 
likely to be used around embedded flexible sensors.   
Kim and Lee [83] investigated different geometries for interdigitated sensors and found a 
rectangular spiral had a larger capacitance than a simple interdigitated comb.  Two vendors [56], 
[57] offer tool mounted sensors with circular spirals, but rectangular options could not be found.   
Tool mounted sensors 
Re-usable sensors designed for mounting in tool surfaces, such as that shown in Figure 2.9 are 
commercially available from a variety of manufacturers[34], [54], [56], [57].  These are sealed units 
which should be mounted flush with the tool surface.  Tool mounted sensors are significantly more 
robust than flexible sensors but can only track the cure near to the surface of the part.   
                                
Figure 2.9: A sensor designed for mounting in a tool surface.                       Figure 2.10: A resin cell in use 
Resin cell 
The same re-usable sensors can be mounted in a small heater cell for analysis of samples of resin or 
prepreg in a laboratory, as shown in Figure 2.9: A sensor designed for mounting in a tool surface.                       




Flexible sensors, designed to be embedded in a part, are commonly used in research[17], [20], [84]–
[89].  These sensors can be placed anywhere in a part and are cured in place.  In a production part 
the effect of the sensors on the structural properties of the part may be a problem, however they 
can be useful in the development stage, or can be restricted to use in areas where the sensors’ 
presence is not a problem.   
While referred to in this document as ‘flexible’, it should be noted that Polanský et al[90] have 
created small (5.3mm x 8.6mm) interdigitated sensors on a ceramic substrate and embedded them 
between layers of braided glass fibre before infusion, using the sensors to monitor the cure.  The 
sensors were embedded in an area intended to be cut off, avoiding defects in the final part.   
Typical gap sizes between electrodes are ~100µm in flexible sensors [91], as in Figure 2.11. 
 
   
Figure 2.11: Flexible interdigitated electrode (Lacomtech, Daejeon, Korea). Reproduced from [91] 
Yang et al [81] have been working on optimisation of sensor geometry. They suggest that where the 
smallest achievable feature size is 100µm (Figure 2.11), the gap size and electrode width each should 
be 100µm; with finger length of 15mm and 60 fingers.  It is unclear whether ‘60 fingers’ means 60 in 
total or 60 per electrode.  Sensors of this type typically have a thickness of ~150µm or more [92].   
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Boll et al [92] suggest that smaller sensors could be cured into production parts without structural 
problems.  They produced 5µm thick sensors with a 3µm electrode width and gap and a 1µm 
protective film.  The sensors are used to track ion viscosity, showing clear signals but with no 
independent comparison.   In a later paper [93] the same team compared two similar sensors, this 
time with gap width= electrode width of 5µm and 10 µm, to a standard IDEX as shown in Figure 2.12.  
The microscale sensors were used at different sinusoidal voltage frequencies to the standard sensor.  
It would be preferable to see a comparison across a range of frequencies and comparison of the 
microscale sensor results to DSC measurements as a fully independent check.   
 
Figure 2.12: Comparison of standard and microscale sensors (smallest scale is mm).  Reproduced from [93] 
The smaller depth of penetration of the electric field means these sensors are unlikely to detect cure 
if there is a surface layer between them and the resin as in Meier et al’s work [80], but this is less 
likely to be a common application for an embedded sensor.   
2.4.2 Resin Response to Sinusoidal Voltage 
A sinusoidal voltage of angular frequency ω=2πf is applied across the electrodes.  The response of 
the resin is commonly analysed in terms of the complex permittivity ϵ*=ϵ’-jϵ’’.  ϵ’ can be called real 
permittivity [94], dielectric permittivity, just ‘permittivity’ or dielectric constant.[79], [95], [96] ϵ’’ is 
known as dielectric loss (factor)- as this quantifies dissipation of energy. [79], [95], [97], [98]  ϵ’ and 
ϵ’’ are hereafter referred to as relative permittivity and dielectric loss respectively. 
This should not be confused with the loss tangent of the material between the electrodes, which is 
defined as the ratio of dielectric loss to relative permittivity, so the loss angle, δ is the argument of 







As the resin contains a mixture of different species, the response to the electric field has more than 
one component. It involves a combination of at least three factors- electrode polarisation, charge 
migration and dipolar relaxation[99], [100].  In heterogenous systems interfacial polarisation can 
also occur[52], [94].   
2.4.2.1 Electrode polarisation 
This is blocking of electrodes by ions of opposite charge to the electrode.  In effect, it adds 
capacitance to the system[96], affecting experimental measurements.   
Day et al [96] showed that for an electrode spacing D with electrode polarisation causing a blocking 
layer of thickness db at each electrode, where the complex permittivity in the blocking area is the 
same as in the rest of the resin, the experimentally measured relative permittivity ϵel’ and dielectric 
loss ϵel’’ are related to the relative permittivity ϵ’ and dielectric loss ϵ’’ of the material between the 








































Electrode polarisation requires free ions able to move between the electrodes, thus it contributes 
more to the signal early in the cure when cross-linking and hence viscosity is low, and is particularly 
notable at low frequencies.  [96]  Kazilas [94] shows the effect of the order of magnitude of the ratio 
D/2db on the ratios ϵ’el/ϵ’ and ϵ’’el/ϵ’’.  As 2db -> D, ϵ’el/ϵ’ shows an increase while ϵ’’el/ϵ’’ -> 0.  This 
should be borne in mind when assessing extremely small electrode gap sensors such as those 
mentioned previously [93], [102].   
Maistros and Bucknall suggest that in practical circumstances the contribution of electrode 
polarisation to the dielectric loss is negligible, but find a notable contribution to the relative 
permittivity at low frequencies during the early part of the cure. [95].   
Electrode polarisation is often neglected[103] when assessing charge migration and dipole 
relaxation[104], but should be considered at least in regards to the relative permittivity, in the early 
part of the cure and lower frequency region particularly.  [18], [95], [105]   
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2.4.2.2 Charge migration 
Any charged species which can move between the electrodes, forming a current, contributes to 
conduction by charge migration.  Maistros and Bucknall [104] and Garden et al [106] among others 
attribute conduction only to ionic impurities in the resins, however charged species which form 
during the polymerisation reactions may also contribute to this while available [68], [94], [107].  The 
conductivity due to migrating charged species, σcm is a sum of the conductivities of all the freely 
mobile charged species at the time the measurement is taken. 
As a dissipative process, charge migration- also called ion conduction [38], [71], [108]- affects only 
the dielectric loss component of the complex permittivity of the resin, as shown below[94]. 
𝜖𝑐𝑚






2.4.2.3 Dipole relaxation 
The two classes of dipoles- static and induced- respond differently to the alternating current.   
Induced dipoles 
Species which, when not exposed to an electric field, have zero dipole moment can be polarised by 
the field.  The movement of the electron cloud is sometimes referred to as electronic polarisation 
[95], [101].  The response time to the change in electrode polarity is far faster than the frequencies 
used in dielectric cure monitoring, so induced dipole polarisation is considered frequency 
independent [101].  Atomic polarisation refers to deflection of constituent atoms in a molecule from 
their equilibrium position and, along with electronic polarisation, has a low dielectric  loss in the 
frequency range used for dielectric monitoring [109].   
Static dipoles 
Static or permanent dipoles respond to an applied electric field by orientating themselves to align 
with it.  These may be individual molecules or parts of a larger molecule, including polymer chains.  
As the electric field oscillates, the dipoles re-orientate in response.   
The Debye model , for a single species of spherical dipole with a single relaxation time τ, is described 
by Senturia and Sheppard as “the simplest model of hindered dipole orientation”[79].  Here ϵu is  
unrelaxed permittivity, seen at high frequencies, and ϵr is relaxed permittivity, seen at low 
frequencies.  Debye complex permittivity is written as [52], [94], [109]: 






This results in relative permittivity and dielectric loss components as shown below: 








As this model describes only a single species of dipole, and resins may contain many dipole species, 
various generalisations of the Debye model have been developed to allow for this, including the 
Cole-Cole model [110], as used by Maistros and Bucknall [95] to model dipole relaxation in their 
experimental work on dielectric cure monitoring of epoxy resin blends, which describes a 
symmetrical distribution of relaxation times.  Alternatives include the Havriliak-Negami model, for a 
skewed distribution, as used by Nixdorf and Busse[103].  
As pointed out by Senturia and Sheppard [79], during the cure process the relaxation time 
distribution should be expected to change.  Both the relaxed permittivity and model parameters are 
expected to change with degree of cure, thus to characterise the relaxation time distribution one 
must measure relative permittivity and dielectric loss across a range of frequencies.   
2.4.2.4 Interfacial polarisation 
Occurring only in resins containing more than one phase, such as a thermoset with thermoplastic 
particles, the interface or boundary between two phases can become polarised.  This is discussed in 
detail by Asami [52], who covers a variety of different heterogenous systems.   
Like dipole polarisation, this is described with a relaxation as the polarisation lines up with the 
electric field.  A two phase system- such as one variety of particles embedded in a homogeneous 
matrix- can hence be described by the Debye model as in equations 2.27-2.29.  [18], [94], [111] 
As described by MacKinnon et al [111], a two phase system with ellipsoids of conductivity σ2 and 
permittivity ϵ2 in a matrix of conductivity σ1 and permittivity ϵ1, where the volume fraction of 




+ 𝑣2𝜎1 × 
𝜎1+𝐴𝑎(𝜎2−𝜎1)(𝜖2−𝜖1)−[𝜖1+𝐴𝑎(𝜖2−𝜖1)](𝜎2−𝜎1)
[𝜎1+𝐴𝑎(1−𝑣2)(𝜎2−𝜎1)]
2  (2.30)  
𝜖𝑢 =
𝜖1 + [𝐴𝑎(1 − 𝑣2) + 𝑣2](𝜖2 − 𝜖1)
𝜖1 + 𝐴𝑎(1 − 𝑣2)(𝜖2 − 𝜖1)
𝜖1 (2.31) 
Here Aa is the depolarisation factor along the a axis of the ellipsoid [111], which is 1/3 for 
spheres[112].  The relaxation time is: 
𝜏𝑀𝑊𝑆 = 𝜖0
𝜖1 + 𝐴𝑎(1 − 𝑣2)(𝜖2 − 𝜖1)




Interfacial polarisation, as it only occurs in resins with more than one phase, can be used to identify 
phase separation during the cure.  For example, Maistros et al[18] identified a peak in relative 
permittivity for a resin system containing  a rubber additive that was not seen in the same resin 
without the rubber, thought to be due to interfacial polarisation caused by phase separation.   
2.4.2.5 Combining the signals 
The theoretical models discussed above can be used to isolate a particular facet of the resin 
behaviour- for example, Nuñez et al [71] subtract the charge migration component in order to study 
dielectric relaxation in their test resin.  Taken together, they provide a lot of information on the 
behaviour of the resin during cure.  Maistros and Bucknall [104] presented a model which shows 
each component separately, before combining them together and comparing to experimental data 
for their resin and blend with 15% additive particles (causing interfacial polarisation).  For clarity on 
each contributing factor, the reader is encouraged to read their paper.   
Their experimental results are reproduced and annotated in Figure 2.13.  The annotations point out 
only the clearest feature of each contributing factor to the overall dataset.  For the resin with 
additive particles, interfacial polarisation makes dipole relaxation features harder to distinguish.  
Charge migration contributes throughout, but the linear relationship between ϵ’’ and frequency at 
the start of the cure is most notable.  Electrode polarisation is seen at low frequency and early in the 
cure in ϵ’, also affected by the presence of the additive. 
 
Figure 2.13: Relative permittivity and dielectric loss during the cure of an epoxy resin.  Graphs reproduced 
from [104].  Titles and annotations, showing the clearest feature of each contributing factor, added here.   
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2.4.3 Equivalent Circuit Analysis 
A common alternative to measuring relative permittivity and dielectric loss is to model the 
resin+electrode system using resistance and capacitance elements in an electrical circuit [88], [100], 
[109].  The complex impedance of the system is measured and interpreted in terms of the equivalent 
circuit.  This is introduced in some detail by Bellucci et al as part of a series of three papers [67], [98], 
[100] and demonstrated by Mijovič and Yee [68] from the same group.   






Where C0 is the capacitance of the dielectric sensor system in air.[94]  The equivalent to a Cole-Cole 
plot for impedance is a Nyquist plot (imaginary versus real components of complex impedance[68]).   
For a system with only one static dipolar relaxation and no interfacial polarisation, an equivalent 
circuit represents the contributions to the impedance from electrode polarisation, charge migration, 
induced dipoles and static dipoles as shown in the commonly used representation in Figure 2.14.   
 
Figure 2.14: Equivalent circuit representation of electrodes and resin in a system with a single static dipole 
relaxation and no interfacial polarisation.  Based on [88] 
Electrode polarisation is modelled as a capacitor at each electrode representing the blocking layer of 
charges, each of capacitance Ce, in series with all the other components of the resin behaviour.  
Conduction via migrating charges (often called ion conduction) is modelled by the resistor Ri.  This 
acts in parallel with dipole relaxation.  Induced dipoles, responding effectively instantaneously 
compared to the frequency of the sinusoidal voltage variation, can be modelled as a capacitance 
only, Cid.  Static dipoles which must re-orientate themselves to align with the electric field as it 
changes, are represented by a capacitor Csd and resistor Rsd.  Where there is more than one dipolar 
relaxation time, for example due to a variety of different static dipolar species being present, a 
parallel link with a capacitance and resistance is required for each species.  [68], [88], [94], [100] 
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For the circuit shown, the real and imaginary components of the complex impedance are described 




2 𝑅𝑠𝑑(𝑅𝑠𝑑 + 𝑅𝑖) + 1]
𝜔2(𝐶𝑠𝑑𝑅𝑖 + 𝐶𝑠𝑑𝑅𝑠𝑑 + 𝐶𝑖𝑑𝑅𝑖)







2 𝑅𝑖𝐶𝑖𝑑 + 𝜔𝑅𝑖(𝐶𝑖𝑑 + 𝐶𝑠𝑑)]
𝜔2(𝐶𝑠𝑑𝑅𝑖 + 𝐶𝑠𝑑𝑅𝑠𝑑 + 𝐶𝑖𝑑𝑅𝑖)






Following this model, the relationship between the components of complex impedance and 
frequency can be split into three zones as shown in Figure 2.15.   
 
Figure 2.15: Illustration of log Z’ and log Z’’ versus log frequency, 3 zones of the cure.  Reproduced from [88]. 
At very low frequencies electrode polarisation dominates.  In the second zone where electrode 
polarisation does not affect the signal and charge migration dominates, the capacitance of the 







The peak of Z’’ is where the derivative of Z’’ with respect to ω is zero.  This occurs where ω=1/RiC.  
Therefore, the peak of Z’’ occurs at Z’’peak= Ri/2 as shown[68].  So ionic resistance can be measured 
from the Z’’ peak.  In the third zone, the effect of dipolar relaxation can be seen.   
2.4.4 Using Z’’ to Track the Cure 
The dielectric monitoring equipment used in Chapter 5 calculates degree of cure and Tg based on a 
resin model.  The equipment can also display Z’ and Z’’ versus frequency during the cure.   
The Z’’ peak moves to lower frequency and higher amplitude with cure, as the crosslinking reactions 
increase the impedance of the material, as in Figure 2.16 [101].  Electrode polarisation is seen at low 




Figure 2.16: Plot of log Z’’ as a function of frequency during isothermal cure of RTM6 resin at 140 ○C, 
reproduced from [101] .   
2.4.4.1 Comparison to DSC results for isothermal cure 
For isothermal cure, the peak of Z’’- referred to as the Imaginary Impedance Maximum (IIM) can be 
simply correlated with degree of cure as measured by DSC.  [101]
 
Figure 2.17: Plot of log Z’’ peak value against cure time, isothermal cure of RTM6 at 140 ○C, compared to 
degree of cure (fractional conversion) measured by DSC.  Reproduced from [101]. 
Figure 2.17 shows a comparison between the Imaginary Impedance Maximum (IIM), aka Z’’ peak, 
and degree of cure (fractional conversion) measured by DSC.  The similarity in the trend can be seen.  
Karkanas [101] then plots both degree of cure and IIM as relative changes, between the minimum 




Figure 2.18: Evolution of log Z’’ peak and degree of cure (conversion) scaled relative to the minimum and 
maximum for isothermal cure of RTM6.  Reproduced from [101] 
Martin et al [20] use dielectric spectroscopy to study a fast curing resin.  They normalise the log IIM 





For the fast curing resin, the difference between degree of cure from DSC and the normalised IIM 
was, according to the authors “more significant than is usually observed in aerospace grade epoxies”.  
They attribute this to difficulties with temperature when performing very fast DSC experiments.  The 
requirement to cycle through many frequencies for each measurement means that measurement is 
not instantaneous, which may affect the position of the Z’’ maximum.  Aerospace grade epoxies tend 
to have a cure time specified in hours[39] rather than seconds, so do not encounter this problem.   
 
Figure 2.19: Normalised log IIM (grey) and degree of cure (black) vs cure time.  Reproduced from [20] 
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2.4.4.2 Determining degree of cure from IIM for dynamic cure 
Isothermal cures are rarely used in industry.  Dynamic (temperature changing) cures were studied by 
Skordos and Partridge [105], who found that both degree of cure and temperature affect the IIM.   
 
Figure 2.20: log IIM and degree of cure (fractional conversion) for dynamic cure of RTM6 at 0.25○C/min.  
Reproduced from [105].   
In Figure 2.20, at low temperature the chemical reaction rate is negligible.  Viscosity- and hence 
conduction is temperature dependent- so the IIM drops as the temperature increases.  At 
intermediate temperatures the IIM closely matches degree of cure, so cure dominates the response. 
Finally, at higher temperatures the IIM amplitude decreases (it also moves to higher frequency) once 
again, suggesting that temperature is the dominating factor in this region. [105]  
The temperature dependence means log IIM cannot be simply related to degree of cure for dynamic 
cure cycles.  Skordos and Partridge[105] suggest that the derivative of log IIM with respect to cure 
time (dIIM/dt) be analysed in an analogous fashion to the heat flow measurements used in DSC.  
 
Figure 2.21: Comparison of DSC heat flux curves with derivative of IIM.  Reproduced from [105].   
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Figure 2.21 shows that, while the amplitudes are not the same, the positions on the temperature 
axis of the peaks, plateaus and inflexion points from heat flux and IIM derivative are very similar for 
each cure (three different heating rates), meaning they occur at the same cure times.   
Skordos and Partridge use this to define an ‘IIM conversion’ measurement (degree of cure estimated 
by imaginary impedance maximum), analogous to degree of cure measured by DSC, expressed as the 
fraction of the integral of the IIM derivative curve between the uncured and fully cured states.  A 
comparison of this IIM conversion and calorimetric (DSC) conversion is shown in Figure 2.22.   
 
Figure 2.22: Comparison of DSC and IIM measurements for dynamic cures of RTM6.  Reproduced from [105].   
The results show a slight difference between DSC and IIM measures of degree of cure.  Skordos and 
Partridge [105] suggest that, if DSC values are considered- unrealistically- absolutely correct, IIM 
values, based on this data, measure the conversion with an error of about 9%.   
A member of the same group, Kazilas [94], uses a slightly different approach in their 2003 thesis. 
Assuming that the imaginary impedance maximum is a function of degree of cure, α, and 
temperature, T of the form below, the time derivative has two parts: 
log 𝐼𝐼𝑀 = 𝑓(𝛼, 𝑇) = (𝑘1 + 𝑘2𝑇)𝛼 + 𝑘3 (2.38) 
d log𝐼𝐼𝑀
d𝑡







The constants k1 and k2 for a certain resin and experimental setup can be estimated from isothermal 
cure experiments. Kazilas and Partridge [113] use linear regression for this following isothermal cure 
at a range of temperatures.   
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Applied to a dynamic cure, the measured derivative of IIM can then be split into the two 
components shown in equation 2.39.  Kazilas [94] finds good agreement between the first term and 
the reaction rate from DSC for a dynamic, constant heat rate cure, shown in Figure 2.23 
 
Figure 2.23: DSC and IIM derived rates of reaction for cure of RTM6 at 0.6ºC/min.  Reproduced from [94].   
Kazilas’ method tracks the main peak very closely, but not the small second peak (devitrification) at 
higher temperature.  The 0.5ºC/min trace in Figure 2.21 suggests that Skordos and Partridge’s 
method does track this.   
Jakobsen et al [89] assert that calculating the derivative of IIM becomes less reliable near the end of 
the cure due to noise.  They test a simplified model where the IIM is a sum of a kinetic part 
depending only on time, and a thermal part assumed to be a linear function of temperature.  Data 
points from the low temperature segment, before cure starts to contribute to the signal, are used to 
determine the coefficients p1 and p2 of IIMthermal.  From this the kinetic part, IIMkinetic, can be studied 
separately and used to define an IIM chemical conversion, cIIM, normalised over the time range. 
   
log 𝐼𝐼𝑀 = log 𝐼𝐼𝑀𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + log 𝐼𝐼𝑀𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = log𝐼𝐼𝑀𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝑝1𝑇 + 𝑝2 (2.40) 
𝑐𝐼𝐼𝑀 = 𝑐𝑚𝑎𝑥(𝑇)
log 𝐼𝐼𝑀𝑘𝑖𝑛𝑒𝑡𝑖𝑐
𝑡 − log 𝐼𝐼𝑀𝑘𝑖𝑛𝑒𝑡𝑖𝑐
𝑡=0
log 𝐼𝐼𝑀𝑘𝑖𝑛𝑒𝑡𝑖𝑐




 Here cmax(T) is the maximum chemical conversion that can be obtained by curing at temperature T, 
which Jakobsen et al determined from an empirical model for their resin.  A comparison of the cIIM 
degree of conversion and a model based on DSC measurements, shown in Figure 2.24, suggests that 




Figure 2.24: Comparison of DSC and simplified IIM derived degree of cure.  Reproduced from [89] 
The approaches summarised here demonstrate the principle of tracking degree of cure using the 
imaginary impedance maximum.   A cure kinetics model can then be used to estimate the glass 
transition temperature based on the degree of cure.  It is known from the manufacturer of the 
dielectric monitoring equipment (Dr George Maistros, pers. comm., 18 November 2017) used in 
chapter 5 that the NCAMP model is used for the 8552 resin[44], though the calculations used in the 
software to translate measured IIM to degree of cure, Tg and viscosity are proprietary.   
2.4.5 Technology transfer- can Dielectric Cure Monitoring be useful in Industry? 
Dielectric cure monitoring is rare in an industrial setting, though integrated systems are 
commercially available and can be combined with existing manufacturing equipment, as 
demonstrated in Chapter 5.   For the case of manufacturing of composite parts, a cure monitoring 
technology is useful if it delivers increased efficiencies.    
In a study of opportunities for sustainable manufacturing- not specific to composites- Despeisse et al 
[114] found that material waste is more often minimised at the input to manufacturing, through 
efficiency improvements, than at the end of the manufacturing process.  Similarly, preventative 
measures to minimise energy usage were preferred.  Technological solutions were relatively 
unpopular for waste reduction, but maintenance and investing in efficient technologies were highly 
rated for energy efficiency.  This suggests that energy efficiency, as in Chapter 5, should be a focus of 
the knowledge transfer resource for dielectric cure monitoring.  This resource, following a structure- 
though not interface- based on the work of Fabris and Poursartip [115], is discussed in Chapter 6. 
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2.4.5.1 Waste reduction 
Increasing usable lifetime of prepreg 
Kim et al [25] used dielectric monitoring to measure the conductivity of prepreg at out-times in 
excess of those recommended by the manufacturer.  They found that conductivity (peak and at 
initial test temperature) and gel time during the cure both decrease as out-time increases.  Using the 
dielectric sensors to track these materials during cure, they found that the cure cycles could be 
adjusted to account for the change in prepreg properties, which may increase the usable lifespan of 
prepreg.  A conductivity measurement on a sample prior to laying up the part can therefore indicate 
whether or not the material is usable and if so which cure cycle to use.   
Active control of resin transfer moulding to eliminate dry spots 
Racetracking in resin transfer moulding can result in dry patches.  Devillard et al [24] monitored the 
flow of resin into a test mould and used this to trigger a response to the flow pattern by opening or 
closing vents.  They used this to eliminate dry spots for their test part.   
Dielectric monitoring has been used to track the cure in resin transfer moulding in industrial settings.  
Breede et al [116] used dielectric monitoring to track the flow front and measure resin viscosity 
(based on ion viscosity) in a trial intended to represent the manufacturing process for a wind turbine 
main spar, used to inform a theoretical model.  
 Chiesura et al [117] used two different dielectric monitoring systems to track the cure of a 
composite version of the hinge arm for the droop nose mechanism on the Airbus A380 wing leading 
edge.  However, the model they use is applicable only to isothermal cure, but they use a dynamic 
cure cycle.  The dielectric loss curve correlates with temperature at least at the start, where a 
noticeable spike is seen.  The authors plot ’degree of cure’ from the start, resulting in an apparent 
increase then decrease in degree of cure, which the authors suggest is due to dipolar relaxation- 
without justification- but seems more likely to be due to temperature changes.  
2.4.5.2 Cure Optimisation 
A study of cure cycle optimisation to minimise energy use is presented in Chapter 5, using a stepped 
wedge test part as many production parts vary in thickness.  Here only the temperature aspect of 
the cure- hold temperatures and durations- is varied.  Maistros and Partridge [84] used a similar test 
part to determine the optimum time to apply pressure during a cure.   
Kobayashi et al [76] have developed a grid of parallel-plate based dielectric sensors and used these 
to track through thickness degree of cure across the area of a part.  This has been applied to a 
component from a human powered aircraft.   
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2.5 Comparison to other cure monitoring techniques 
2.5.1 Direct Current (DC) resistance analysis 
Direct current systems use similar sensors to those used for dielectric analysis.  The sensor at its 
simplest consists of two electrodes which are placed in a region where they will come into contact 
with the resin.  When there is resin between the sensors, it completes the circuit.  As the resin cures, 
the resistance in the circuit changes.   
DC sensing may be a cheaper alternative to DEA, but by its nature provides less detail on the cure 
process due to the lack of a frequency domain [46], and is as yet unproven for quantitatively tracking 
degree of cure.  The papers Konstantopoulos et al’s review[46] referenced in the DC analysis section 
show work on flow sensing[118], viscosity monitoring[119] and identification of Tg from a curve 
feature[120] with DC resistance sensors,  but do not report on tracking degree of cure.  
Correlation between resistance and viscosity was demonstrated as early as 1982 by Tajima [107].  
Pantelelis et al [121] claim that the resistance measured tracks first viscosity, then after gelation 
tracks degree of cure or Tg.  Correlation between expected Tg, from the resin manufacturer’s 
datasheet, and resistance for an epoxy system is shown, but there is no independent direct 
measurement of Tg.  The same is true of Pantelelis and Millar’s 2011 conference paper [122] which 
shows correlation between resistance, Tg and degree of cure, but the latter two are based on 
calculation only rather than independent laboratory tests.   
Hsiao [120] tracked the electrical resistance in a single carbon fibre during resin cure.  After 
correcting for the change in resistance due to temperature Hsiao finds a possible correlation 
between features of the resistance versus temperature plots from the cooling stage- i.e. at or near 
completion of the cure- and measurements of Tg by DMA, with features approximately matching 
both the storage modulus knee and tan delta peak.  This cannot however be used for tracking Tg 
throughout the cure process.  This temperature correction process could, if it can easily be carried 
out, make it easier to identify end of cure during a non-isothermal cure cycle from DC resistance.  
The change in resistance due to temperature otherwise makes this difficult, as shown in Chapter 6.   
Meier et al [80] compare DC, DEA and ultrasound sensors.  They showed a correlation between the 
measurements during cure for all three but did not attempt any quantitative link to material 
properties such as degree of cure.  The same study found that where a thermoplastic layer is placed 
between the sensors and the part, the DC sensors detected only the thermoplastic, whereas the 
electric field of the DEA sensors had sufficient penetration to measure the flow front and cure of the 




Thermocouples are widely used in industry [45] for monitoring and process control, and built into 
most autoclaves [123].  Monitoring the material temperature and that of the surrounding 
environment allows easy identification of heat output from the exothermic reactions during the 
(exotherms)[49].  These measurements provide a traceable proof of the part’s thermal history. 
Measurements of temperature only may be used to estimate degree of cure in conjunction with a 
theoretical model[124], however models may differ from reality, as can be seen in Chapter 5.  
Measurements of temperature alone do not give an indication of the status of the chemical reaction.  
Using models, even well validated ones, relies on a theoretical representation of the resin, which 
cannot allow for variation between batches as it does not track the resin properties themselves. 
Thermocouples are however robust, simple to use and well known in industry.  Where tracking the 
thermal history of the part is all that is required- if the actual cure state is not important- they serve 
the purpose but for monitoring the cure itself are considered to be of limited use [125].     
Thermocouples are used in conjunction with other cure monitoring methods, such as DEA.  Use of 
temperature measurement alongside cure monitoring sensors- whether separate or built in- is 
needed to account for changes in the sensor output due to temperature rather than due to cure[45].   
2.5.3 Infrared Spectroscopy 
Fernando’s 2005 overview of fibre optic sensing for use with composite parts [126] lists infrared and 
Raman spectroscopy as suitable for monitoring chemical concentration.  As the cure is a chemical 
reaction, these methods can be used for tracking the progress of the cure.  Measurement of the 
chemical species present is the most direct method for measuring degree of cure, using the areas of 
the spectral peaks (normalised) to follow the conversion [127].   
Spectra can be obtained either by transmission of light through a cleaved optical fibre embedded in 
the part, or through evanescent wave spectra. Evanescent wave spectra have also been measured 
through E-glass fibres[127], [128].   
Comparisons to DEA are more frequently made with laboratory systems rather than optical fibres.  
Lab based Raman spectroscopy has been compared to parallel plate based dielectric analysis and 
DSC measurements for monitoring of epoxy cure, by Hardis et al [38], for isothermal cure.  A single 
frequency was used for DEA measurements, choice of which was not justified in the paper.  Degree 
of cure from Raman spectroscopy was calculated based on the intensity of a peak attributed to the 
epoxide group divided by a reference peak that should not change, as follows: 
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Reasonable agreement was found between DEA, Raman spectroscopy and DSC.  
Mijovič et al [67] compared degree of cure measured by DEA to that measured by Fourier-transform 
Infrared (FTIR) spectroscopy, by comparison of the initial and test time areas under the peaks 
corresponding to epoxy absorption, which decreases as the cure proceeds, and a reference peak 
which remains constant.  The two methods showed good correlation for isothermal cure as shown in 
Figure 2.25 
 
Figure 2.25: Degree of cure vs time as measured by DEA and FTIR spectroscopy.  Reproduced from [67].   
Kortaberria et al [51] carried out a similar experiment, using an epoxy resin with a modifier, but 
while the cure is discussed and compared to the IR spectroscopy results using the components of 
complex permittivity they do not attempt to estimate degree of cure from the permittivity.   
2.5.4 Ultrasonic Cure Monitoring 
Ultrasonic waves are transmitted through the part as it cures, either from a transmitter on one side 
of the part to a receiver on the other (compression waves) or with a transmitter and receiver at the 
same point, where the waves are reflected off the far edge of the part (shear waves) [46].  
Reflections may also be caused by defects and discontinuities within the part.  For this reason, 
ultrasound is also used in non-destructive inspection of cured parts.   
Ultrasonic sensors can in theory be used to monitor cure through the thickness of a part.  Where 
time of flight is used to calculate the velocity of the sound wave the spacing must also be kept 
constant, but the reflected peak amplitude can also be used.   
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Chilles et al [129] have developed an inductively coupled ultrasonic sensor.  These sensors are 
intended to be used during the lifetime of the part for structural health monitoring as well as for 
monitoring the cure, which was tested in their later paper [86].  During the cure, the transmission 
and receiver coils are placed outside the vacuum bag.  Two types of ultrasonic sensor were tested- in 
different materials, and both the velocity of sound and normalised peak amplitude of the return 
signal were measured.  In both cases, the signal was not identifiable when resin viscosity was 
relatively low.  Comparison to DEA measurements suggests the ultrasonic sensors were only able to 
monitor cure after or near gelation in this instance [86].   
As a reflection system, this measures shear waves, which were also only able to be detected through 
part of the cure in Challis et al’s work [130], [131], appearing once gelation had at least started.  The 
DEA sensors were used to monitor log(IIM), though the cures were not isothermal. Approximate 
correlation was seen between the IIM, DSC results and ultrasonic results.   
By comparison, compression waves are shown by both Challis et al [130], [131] and Shepard et al 
[132] to be detectable throughout the cure. However, requiring transmitter and receiver at either 
side of the part makes these less practical for structural health monitoring- though feasible for cure 
monitoring if embedded in the tool, as proposed by Liebers et al [133].   
 
2.6 Microfocus X-Ray Computed Tomography for Defect Tracking 
Microfocus X-Ray Computed Tomography, hereafter referred to as XCT, is not used to track degree 
of cure.  However, this thesis presents a method for using XCT to track the geometrical evolution of 
defects or features throughout the cure process.   
2.6.1 XCT of Composites for Defect Evaluation 
XCT uses many X-ray images of the object under test to form a 3D representation, through 
reconstruction algorithms.[134]  Industrial CT scanners commonly use a cone beam of X-rays, with 
the object sitting between the source and detector on a stage which slowly rotates.
 
Figure 2.26: Cone beam XCT with a flat panel detector.  Reproduced from [134] 
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The magnification available is limited by the geometry of the CT scanner, detector pixel density, X-
ray focal spot size and sample size.  Within the other limits, smaller samples allow for greater 
magnification.  The available magnification varies considerably between different CT scanners.   
Rueckel et al [135] have evaluated the dependence of spatial resolution on X-ray tube parameters 
for a particular CT scanner, demonstrating that at large magnifications the focal spot size- which 
becomes larger at higher tube power- becomes the limiting factor, meaning there is no gain in 
attempting to achieve better resolution by geometric magnification beyond this point.   
Synchrotron XCT is also used in composites research.  Garcea et al’s 2018 review of XCT of 
composites [136] discusses the relative merits of synchrotron and industrial XCT.  Synchrotron X-ray 
beams are usually monochromatic and higher flux than industrial CT scanners.  This gives a high 
signal to noise ratio and allows use of phase contrast, so fibres and resin can be easily distinguished.   
Synchrotron beamlines are also able to achieve greater magnification than the majority of industrial 
CT scanners, though nano-CT scanners which use lens systems to achieve sub-micron resolution are 
available [137].  The high flux in particular makes synchrotrons suitable for time resolved XCT, as this 
allows faster imaging.  However, access to synchrotrons can be competitive, so these are not 
practical for common use in an industrial environment.  Cole et al [138] have used a laser wakefield 
accelerator for XCT imaging.  This group have discussed (Dr Daniel Symes, pers. comm., 13 July 2017) 
the possibility of achieving high flux time resolved XCT with a high repetition rate laser, though the 
prospect of buying an industry ready system in the same manner as an XCT scanner is some way off.   
2.6.1.1 Measuring voids with XCT 
Surface Determination 
 
Figure 2.27: Surface determination for scan of a carbon fibre-epoxy sample.  Reproduced from [139]. 




The boundary between the test material and air must be defined, determining the surfaces (internal 
and external) of the test object.  The grey values of the pixels in the image are used for this, where 
either automatic algorithms or manual selection is used to place an ‘isosurface’ at a grey value 
between the peaks seen for the background and the material, such as in Figure 2.27.  
The simplest method, ISO-50%, uses a threshold value based on all the voxels in the volume.  [140]  
Borges di Oliveira et al [140] have conducted an investigation into different methods for surface 
determination in multi-material objects, finding that the presence of a higher absorption material 
affects the surface found for the lower absorption material but not vice-versa .  This should be borne 
in mind where glass fibre reinforcements are used.   
They also found that for the ISO-50% method error on the surface determination could be up to 1 
voxel in size. This method cannot be applied automatically in a multi-material sample. Carbon fibres 
in an epoxy-based resin are however commonly detected as only one material, being mostly carbon, 
for example as shown by Stamopoulos et al [139].   
Measuring Voids 
Voids can be measured from reconstructed 3D volumes using commercial software such as VG 
Studio Max [141].  The determined surface can be used to measure voids within the whole sample, 
or a defined region of interest [141].  Kastner et al demonstrated the effect of different thresholds 
for the defined surface on the measured porosity of a sample.  [142] 
 
Figure 2.28: Influence of threshold on porosity. The left picture is a slice from a CT volume. The three pictures 
on the right show the voids measured at different thresholds. Reproduced from [142] 
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Kastner et al’s ‘threshold 1’ is an ISO-50% method.  Other methods are superior for measuring total 
porosity, as shown in Figure 2.28, however VG Studio Max also offers an option to record only voids 
of a user defined size range.  If the required size range does not include the smallest voids- advisable 
in a noisy scan where these may be false readings- or the resolution is low enough that these are not 
seen- the automatic ISO-50% method may be sufficient.   
 
Figure 2.29: Thresholds (Th1-5) on grey value histogram for a composite part. Reproduced from [142] 
This paper also demonstrated that some surface determination methods show variation with sample 
resolution, while others do not.  Sadly the ‘threshold 1’ method relevant to VG Studio Max is not 
included in this analysis, though the similar ‘threshold 2’ showed little variation with voxel size.  
2.6.2 XCT Studies of Changing Objects 
2.6.2.1 Multiple Samples 
The simplest method is preparation of a variety of near-identical samples, with each having been 
processed or tested to a different point.  These can be compared in a general sense, but specific 
features cannot be tracked as each sample is different.  There will inevitably be variation between 
the samples.  It is also possible that quenching or relaxation of samples may affect the result.   
This approach is taken by Centea and Hubert [27] in their study of impregnation of an out of 
autoclave prepreg.  They prepared numerous laminates and partially cured each to a different point 
in the cure cycle, quenching each sample by immediate transfer to a freezer.  They used a high 
resolution Micro-CT scanner to image each sample.  Void content was measured for each sample 
using averages of small sections in each to allow for variation in the samples.  This study did not 




Figure 2.30: Porosity during prepreg impregnation, multiple samples.  Reproduced from [27] 
Centea and Hubert [27] found that this average void content decreased through an initial 
debulk/room temperature hold and the start of the ramp before appearing to stabilise just into the 
higher temperature hold, though there are measurements only near the start and end of this hold.   
Serrano’s 2018 thesis [28] extends this work, studying debulk and cure of two out of autoclave 
resins.  Again, multiple samples are used.  Serrano compares the measured porosities of the samples 
at chosen points in the cure cycle to the viscosity of the resin (Figure 2.31), then uses the results to 
suggest an optimised cure cycle for lower final porosity (Figure 2.32). 
 




Figure 2.32: Porosity, viscosity and temperature over time, optimised cure cycle.  Reproduced from [28] 
2.6.2.2 4D XCT: Time resolved imaging 
Repeated XCT Scanning of a sample which changes can be either Ex-Situ: where a sample is scanned, 
removed from the CT scanner, subjected to a change (such as application of heat or a force), then 
returned to the CT scanner and scanned again; or In-Situ: where the change is applied inside the CT 
scanner or synchrotron beamline using an experimental rig.   
In-Situ experiments can be further subdivided into interrupted in-situ, where the application of heat 
or force is removed while the scan takes place, allowing the material to relax, and uninterrupted in-
situ, where scans are taken either at intervals or continuously during the application of heat or force.  
Garcea et al [136] illustrated these options as shown in Figure 2.33.   
As faster scans can be achieved on a synchrotron beamline than in an industrial CT scanner, 
synchrotron XCT is often preferred for in-situ scanning.  However, industrial CT scanners have been 





Figure 2.33:Strategies for time resolved XCT of a changing single sample.  Reproduced from [136].   
Ex-Situ 
Industrial XCT has been used for a variety of ex-situ experiments.  Bull et al’s [143] study of 
compression after impact failure, for example, used ultrasonic C-scans to measure the damage area 
after impact, indicating where to place samples in the CT scanner to image the damage area.  After 
an initial scan of coupons, they were then re-scanned following incremental applications of load, 
until each had failed.  This manner of re-scanning after incremental changes is typical of an ex-situ 
experiment.   
Interrupted in-situ 
An example of interrupted in-situ testing of composites, Garcea et al [144] used synchrotron XCT to 
study fatigue.  Each sample was subject to an initial 700 cycles, then placed in an in-situ load frame 
in the synchrotron beamline.  A load just under the maximum used was applied to open the crack, 
and the sample was scanned.  Following 100 cycles in-situ, the sample was scanned again.  
Vilà et al [145] used a synchrotron to study vacuum infusion of a single glass fibre tow, using a resin 
analogue.  The tow was impregnated in steps, with a high resolution (single fibres clearly visible) 
scan after each step, allowing the flow front to be tracked.  Voids were caused by minor air leaks at 
the inlet, which could be tracked passing through the tow, perturbing the fibres and leaving a trail of 




Scott et al [146], carried out uninterrupted in-situ tensile tests of carbon/epoxy cross-ply laminates 
using synchrotron XCT imaging.  Test coupons were placed in a load frame in the synchrotron 
beamline and scanned.  The load was increased incrementally and the test coupon scanned under 
load at each step.  Loading and scanning continued until failure.  Reconstructions were used to 
identify fibre breaks, splits, delaminations and ply cracks as the coupon progressed towards failure.   
Thompson et al [147] used a synchrotron to track an out of autoclave prepreg during debulking, with 
images taken before debulk and at 1, 6 and 12 hours. Void evolution was tracked during debulking.   
Ferré Sentis et al [148] used a combination of continuous and uninterrupted synchrotron scans in 
their study of compressibility and pore transport in sheet moulding compounds (SMC).  Cylinders of 
SMC were subjected to compression using a micro-rheometer in the beamline.  Extremely fast, 2s 
scans were used.  For high strain rate experiments, the loading was paused for each scan, whereas 
for low strain rate experiments, where the compression occurred more slowly continuous scans 
were performed.  Pores were identified using a simple threshold in the grey values as above, and the 
results show a decrease in both overall porosity and mean pore size as strain is increased.     
A good example, albeit in a different field, of how an industrial CT scanner can be used in this 
manner is Keyes et al’s [149] mapping of soil deformation around the root of a growing plant.   
This used 7 minute scans in a Nikon HMX 225 ST micro-focus XCT scanner.  Binning was used on the 
detector, combining a 2x2 patch of elements into a larger virtual element.  The lowest energy which 
resulted in a usable image was employed, to minimise noise.  The plant sat in a soil filled tube of 
diameter 30mm and was scanned repeatedly over 20 hours as it grew.  Digital volume correlation 
was then used to track the soil displacement caused by the growing root.   
More relevant to this work is Plank et al’s [150] in-situ observations of bubble transport in neat resin 
during cure.  A Nanatom 180NF XCT nano-focus XCT scanner was used, with 4x4 detector pixel 
binning.  48 scans were made over 300 minutes, during which the resin was heated in a small test 
chamber.  A 5x5x5 median filter was used on the resulting volumes to remove noise, and voids were 
measured.  Movement of air voids was tracked; voids were seen to rise and combine together.  A 
water bubble was injected into the resin partway through the cure, which was seen to increase in 
volume as the temperature rose, consistent with theoretical predictions.  The progress of the water 




Figure 2.34: XCT slices showing a water bubble (diameter ~4.2mm) in epoxy resin (without fibre 
reinforcement) during cure.  Reproduced from [150] 
2.6.3 Industrial Applicability 
2.6.3.1 Example: Tow gaps and ply drops in Automated Fibre Placement 
Automated Fibre Placement (AFP) involves laying unidirectional material (usually prepreg) onto a 
tool using a robotic system.  A prepreg tape is split into thin strips which are pressed onto the tool 
using a roller.  The AFP head can steer around curves.  Gaps and overlaps are a common issue, which 
can result for example from steering (Figure 2.35), tolerance in the AFP head placement, or positions 
of cuts in each strip at the boundaries between tape sectors (Figure 2.37). [7], [151]–[153], or may 
be a necessary design choice.   
 
Figure 2.35: Tow steering in Automated Fibre Placement.  Reproduced from [4]. 
 
 
Figure 2.36: Where AFP tapes are laid up around a corner, either the radius becomes too tight, causing 




Figure 2.37: AFP tow cuts at boundaries create gaps and overlaps.  Reproduced from [153]. 
Gaps resulting from cuts in the tape, as in Figure 2.37, are a ply drop type, cutting across the fibre 
direction.  Tow gaps are along the fibre direction, as in Figure 2.36 or Figure 2.35. 
These defects can influence the properties of the composite part.  Croft et al [155] studied the effect 
of AFP defects, including tow gaps, on tensile, compression and in-plane shear strength, along with 
open hole tension and compression strength.  Elsherbini and Hoa [153] used both experiment and 
finite element modelling to study the effect of AFP tow gaps on fatigue behaviour, finding for a given 
maximum applied stress that a sample with a defect would fail in fewer cycles, with the effect more 
significant at higher stress.  Li et al [156] created finite element models for out-of-plane waviness 
and ply thickness variations caused by tow gaps and overlaps and used these to predict the 
reduction in strength caused by these defects.   
The position of the defects matters.  Rhead et al [154] found that where a test coupon is impacted in 
a region with a tow gap near the impacted surface, damage  during compression after impact testing 
is greater than where the tow gap is closer to the opposite surface to the impact.   
Lambert et al [18] used multiple sample XCT in fatigue testing of samples representative of wind 
turbine blades.  Samples were scanned and voids measured by manually segmenting the image 
based on grey levels, as in the simple threshold method.  Some samples were then fatigue tested to 
failure, and others to various proportions of their estimated life, with XCT scans taken at the end of 
each test.  Different samples were used for each point along the estimated life span.  The samples 
tested showed a correlation between the size of the largest void at a particular point in the layup 
and the number of cycles to failure- but no clear correlation between the largest overall void or total 
void content and number of cycles to failure.   
Modelling tow gaps and overlaps during cure 
Belnoue et al [151] developed a model for the evolution of tow gaps and overlaps.  This describes 
flow and compaction, with an elastic component from fibre deformation and a viscous component 
from resin flow.  The model is combined with a cure simulation for heat transfer and cure evolution.   
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This model was compared to a test part, before and after cure.  Gaps are seen to reduce in size as 
the cure progresses, and waviness is induced in the surrounding plies.  However, the model shows 
only the fibre position, so gap filling by resin only is not shown in the results.  The ‘gaps’ visible in 
Figure 2.38’s model prediction correspond with areas filled with resin in the micrograph of the part.   
 
Figure 2.38: Comparison of experimental result (left) and end state of simulation.  Reproduced from [151].   
2.6.3.2 Void growth 
Tow gaps and ply drops in a part enclose air, forming voids in the composite.  Resin and fibres can, 
where possible, flow into these voids, but there are also mechanisms which lead to void growth (or 
formation) during cure.  This is particularly relevant for vacuum bag only processing, where there 
may not be sufficient pressure to force gases or moisture into solution in the resin [157].  Liu et al 
[158] found “an exponentially decreasing relationship between the void content and cure pressure”.   
Wood and Bader [159] list four sources of porosity in a cured laminate.  The first, mechanical 
entrapment of air during lamination, occurs when a tow gap or ply drop is included in the layup.  The 
other three occur at a smaller scale- dissolved and adsorbed water and gases in the resin, volatiles 
formed during cure and porosity intrinsic to the prepreg- where the resin does not completely fill all 
small scale gaps between the fibres.   
A model for the evolution of a single small (compared to the volume of resin) spherical bubble of 
vapour was presented by de Parscau du Plessix et al [160] based on diffusion in an infinite medium.  
The model assumes the resin is an incompressible, homogeneous Newtonian fluid. While not 
applicable to the evolution of large voids such as those from tow gaps, a model such as this may be 
relevant to smaller voids remaining- or forming- later in the cure.  Their model predicts an increase 
in void radius as resin viscosity decreases and temperature increases, before pressure is applied in 
their cure cycle.  The final void sizes predicted by the model are found to be comparable to those 
measured from experimental micrographs of cured composites and larger voids are seen where the 
resin has been stored at higher humidity.   
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Grunenfelder and Nutt [161] further studied the effect of moisture content on void formation for 
composites cured in both autoclave and vacuum bag only setups.  They again used a diffusion model 
for void growth, comparing it to experimental results.  They found a very clear increase in void 
volume fraction with relative humidity for material stored at relative humidities of over 70% and 
cured using vacuum bag only processing.  While this demonstrates the effect of moisture on void 
formation, materials are not often stored at such high relative humidities.   
The XCT studies, using multiple samples processed for different lengths of time, of void volumes in 
composite parts by Centea and Hubert [27] and Serrano [28] do not show any increase in void 
volume following the initial decrease with consolidation.  As different samples are used rather than 
tracking a single sample, and relatively few scans are taken, it is possible that such an effect may 
have been missed.  Plank at al [150] observed growth of a water bubble in neat resin during cure 
which they consider a match to the theoretical model used by Grunenfelder and Nutt [161].   
2.6.3.3 Defects can be unavoidable 
Potter’s 2009 work [26] introduces a taxonomy of defects in composite parts.  132 defect types are 
presented, arising from a wide range of possible issues during the manufacturing process.  In some 
instances these are unavoidable, particularly for parts with doubly curved surfaces where the fibre 
tows cannot perfectly conform to the three dimensional shape without some gaps or overlaps.  
Where the geometry makes gaps necessary, the position of these gaps may be a deliberate design 
choice [154] such as in Figure 2.36.  Ply drops may also be designed into a part- for example to 
decrease the thickness in a certain area.  
Defects such as these may also result from variation in lay-up, either from the differing methods 
used by human laminators or the limitations of automated fibre placement [4].  
 
Figure 2.39: Projected green laser lines show the acceptable positional limits for tapes being laid down by an 
AFP machine.  AFP tape is usually ~6mm wide.   Reproduced from [4]. 
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Achieving millimetre accuracy- or better- is extremely difficult in practice.  An example is shown in 
Figure 2.39.  Accidental gaps and ply drops can easily occur during layup, in addition to those 
required by the design.  It is hoped that improved understanding of defect evolution could in future 
be used to ascertain the accuracy which is necessary to achieve the desired result, which may lead to 
improvements in manufacturing efficiency.   
 
2.7 Knowledge Management 
For the results of this work to be useful in industry, they must be recorded and shared in a manner 
which promotes their use.  Chapter 3 uses techniques from knowledge management to investigate 
how knowledge is shared in industrial and academic organisations.   
2.7.1 All In The Mind? 
The concept of a knowledge worker was introduced by Drucker [162], [163] in discussions of the 
value of knowledge to the economy.  “The man or woman who applied to productive work ideas, 
concepts and information rather than manual skill or brawn” [163] is considered key to the modern 
economy.  Theories of knowledge management reflect the importance of people, considering 
knowledge as part of a mental model in a brain [164], [165].  Scott [166] relates this to the ‘gestalt’ 
psychological tradition, where the world as perceived by an individual is determined in the mind by 
their specific conceptual schemes- one person may literally see the world differently to another.  
Through reading a text, one can learn only information [165] which can be codified.  Tacit knowledge 
may be difficult or impossible to record [167], [168], yet Ghaziri and Awad [169] write that “the 
greatest factor in knowledge management is the sharing of tacit knowledge”.   
2.7.1.1 Codifying knowledge 
Davenport and Prusak [168] discuss knowledge repositories of three varieties:  external (e.g. 
competitive intelligence), structured internal (reports etc.), and informal internal: such as lessons 
learned and know-how (i.e. practical knowledge of how to accomplish something).  They 
recommend recording informal discussion for codifying the latter, requiring human interaction.   
They recommend constructing repositories only after considering 4 principles of codification [168]: 
• Deciding what business goals the codified knowledge will serve 
• Identifying appropriate existing knowledge 
• Evaluating knowledge for usefulness 
• Identifying an appropriate medium for codification and, crucially, distribution.   
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‘Medium’ here can also include the language used, as it is important that all those accessing the 
information interpret it in the same way.  The word ‘language’ itself is here an example- it could 
mean a set of symbols, gestures and/or sounds used by a group of humans to communicate, 
technical terminology or jargon specific to a profession, or computer programming code of a 
particular family.  Add an exclamation mark, and it becomes an exhortation to refrain from swearing.  
Potter [4], in studying how skilled laminators lay up composite parts, found it necessary to develop 
language to describe the process.  Without this, their expert knowledge could not be codified.  
Potter laments that if manufacturers cannot tell designers how best to use their skills, designers are 
unlikely to consider ease of manufacture in their work.   
Structuring a knowledge repository in an accessible manner and developing processes which 
encourage its use are important aspects of knowledge management.  Ghaziri and Awad [169] 
complain that work in this field often focuses only on content, rather than how best to communicate 
the material.  Software tools which assist in tagging, searching and linking knowledge between 
reports can encourage use of codified knowledge, such as that trialled at NCC by Joel-Edgar and 
Gopsill [170], facilitated through this EngD project.  Barnard and Rothe [171] present a software 
portal intended to facilitate access to both documentation and tacit knowledge.  They split the 
content into ‘knowledge objects’- such as documents, databases and designs- and ‘reference 
persons’- a directory of experts.  Knowledge codified in this fashion can easily become out of date 
[169], so refreshing and adding to the knowledge repository must be considered.   
While everyone should engage in knowledge management through normal work processes, 
Davenport and Prusak [168] recommend employing skilled persons to facilitate codification and 
communication, as not all experts are talented communicators.  (They specifically refer to engineers, 
without justifying this choice).  “Knowledge management will not succeed if there are no workers 
and managers whose primary jobs involve extracting and editing knowledge from those who have it” 
[168].  “Extracting knowledge” sounds rather painful, not to mention inaccurate- knowledge is not 
removed from the original owner- the author of this thesis prefers the term knowledge transfer.    
2.7.1.2 Interpersonal knowledge transfer 
The same work [168] describes an incident where a tunnelling team in the USA wanted to make use 
of innovations from a similar project in New Zealand.  After unsuccessful attempts to communicate 
through documents, members of the New Zealand team met with the USA team and discussed it 
“over rounds of Fosters lager”, resulting in the Americans successfully applying the New Zealanders’ 
innovations.  Many participants in the work presented in Chapter 3 declared an interest in studying 
the effect of beverage choice on knowledge transfer (various, pers.comm., 2015-2017).   
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Hansen et al [172] mention an attempt by a manufacturer of printing and copying equipment to 
replace their technicians with an ‘expert system’ guidance interface for users. Its failure was blamed 
on the inability of the system to “capture the nuance and detail of face to face conversations” 
between technicians, who regularly engaged in informal discussions.  Leonard and Swap [167] 
discuss examples of tacit knowledge manifesting as an instinct or feeling rather than conscious 
awareness of pattern matching, though these can be identified after the fact.  Potter’s 
aforementioned work [4] with expert laminators also shows how interpersonal knowledge transfer 
can be useful. A database of layup techniques can cover only that which has been attempted 
previously, but direct discussion between laminators and designers may inspire new ideas.   
Know-Who and Experts 
Leonard and Swap [167] discuss ‘Know-Who’ as “Knowledge Once Removed”.  Interpersonal 
knowledge transfer works only if the expert is willing to share it- something Ghaziri and Awad [169] 
found to be a major stumbling block-  and able to do so well.  Knowledge maps  [171], [173], both 
internal to a company and within a larger community, can include directories of experts [171] and 
are an example of using codified knowledge to facilitate interpersonal knowledge transfer. Nousala 
et al [174] point out that people need to quickly identify and find the expert with the knowledge 
they need- and to know that this knowledge will be transferred to them.   
Ghaziri and Awad [169] stress the importance of personality in knowledge transfer, referring to 
experts as “moody, picky perfectionists”.  This generalisation does not and cannot apply to all 
experts, but personality is important when studying knowledge transfer within an organisation- the 
best person to answer questions may not always be the person with the most expertise.   
Davenport and Prusak [168] point out the importance of reciprocity in knowledge exchange- the 
idea that a person will only invest in an interpersonal connection if they get something in return.  
Helms et al [175] suggest that an expert who teaches a novice cannot expect to gain much 
knowledge in return, and hence that a reciprocal connection where an expert learns from a trainee 
is an inefficient use of time.  In the author’s opinion this neglects the value of a new perspective 
from the trainee, who may have a very different background, or expertise in a different area- though 
Ghaziri and Awad’s ‘moody expert’ [169] might fail to appreciate such things.  Davenport and Prusak 
consider the recognition of expertise and enhanced reputation as a suitable reciprocal exchange for 
the knowledge imparted to the novice.  Helms et al [175] found a positive correlation between 
reciprocity in a knowledge network and group performance (based on questionnaire answers) in the 
organisation they studied, contradicting their hypothesis, though the statistical significance is not 
stated and the work was carried out with one organisation only.   
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2.7.1.3 Codification or Personalisation? 
Moteleb and Woodman [176] discuss different approaches to analysing and working with 
knowledge, categorising them as shown in Figure 2.40.  This demonstrates the breadth of areas to 
consider when managing knowledge- for example, a business which approaches knowledge 
management as a matter of codification misses out on all actor-based knowledge.  
 When analysing a knowledge repository; if a business relies only on what is already codified they 
may miss hierarchical relationships between items in different areas.  Potter’s taxonomy of defects 
[26] is an example of such a hierarchical approach, as it classifies defects by how they arise.   
 
Figure 2.40: Moteleb and Woodman’s Knowledge Management Modelling Matrix.  Reproduced from [176] 
Hansen et al [172] discuss the ‘working with knowledge’ aspect in more detail, framing it as a choice 
between codification and personalisation.  A “people to documents” codification strategy can ensure 
useful information is kept in a business- for example, where in-house software is well documented- 
including clear and thorough commenting of the code- it should not be necessary to disturb the 
developer’s retirement when moving to a new operating system.  Poorly documented fixes can 
cause major problems if something changes. [177], [178] A personalisation strategy, where 
conversations, mentoring and brainstorming sessions are the focus, can facilitate transfer of 
knowledge which cannot easily be codified.  Codification may focus on identifying who to talk to for 
a particular topic, as in Davenport and Prusak’s knowledge access projects and knowledge maps 
[168] and Leonard and Swap’s know-who concept [167].   
Hansen et al [172] state that the consulting companies they studied all used a mixture of these two 
strategies.  They assert that companies which use knowledge ‘effectively’ choose one of the two 
strategies as their primary approach and uses the other in support of this, as an 80%:20% split, 
finding that companies which attempt to do both equally are more likely to fail, though they do not 
cite any data to back this up.   
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Nousala et al [174] point out the importance of combining both, as personal knowledge may be 
required to access explicit knowledge.  They suggest that people in an organisation should know:  
• “what knowledge is needed  
• who may know the answer  
• where explicit knowledge may be found  
• why particular knowledge is important or why it was created  
• when the knowledge was last needed or may be needed in the future  
• how to apply the knowledge.” [174] 
 
Both the incentives required to encourage staff to participate in knowledge transfer and the IT 
requirements can be very different for each of the two approaches.  Choosing whether to use 
codification to support a personalisation-centric knowledge strategy or vice versa fits with 
Davenport and Prusak’s first codification principle [168], deciding on business goals.   
Hansen et al [172] conclude that three aspects contribute to the decision.  If a company’s products 
are standardised, codification allows easy reuse of previous work, whereas customised products vary 
so a personalisation approach may help to deliver each customer’s unique requirements.  They 
recommend codification for mature products, and personalisation where the business strategy relies 
on innovation.  Finally, they ask whether staff rely on explicit or tacit knowledge?   Any knowledge 
management system depends on staff using it, so must fit with working practices.   
2.7.2 Learning Organisations 
Senge [179], describes a learning organisation as “where people continually expand their capacity to 
create the results they truly desire, where new and expansive patterns of thinking are nurtured, 
where collective aspiration is set free, and where people are continually learning how to learn -
together.”  For an organisation to be successful, it is not sufficient to follow the ideas of senior 
management- learning must take place at all levels inside the organisation, requiring a combination 
of individual employee, team based and whole organisation approaches.  [179], [180] 
Garvin [181] takes a more practical approach:  “A learning organization is an organization skilled at 
creating, acquiring, and transferring knowledge, and at modifying its behaviour to reflect new 
knowledge and insights.”  A later work by Garvin et al [182] emphasises creating knowledge faster 
than the competition, echoing Senge’s “the only sustainable source of competitive edge is your 




Senge [179]suggests five disciplines must be considered: 
• Systems Thinking; a holistic, ‘big picture view’, seeking to understand cause, effect and 
feedback in the organisation and relevant connected bodies as a whole.  As discussed 
previously, defects in a composite part may not be solvable by the manufacturing team – it 
could be inevitable consequence of the design [26].  Systems thinking requires consideration 
of the whole process and all contributing factors.  This ties into a key problem in 
organisational learning- if an individual does not encounter the consequences of their 
decisions, they cannot learn from experience.  Where different functions are restricted into 
silos, without communication between them, this ‘learning horizon’ problem will likely arise.   
 
• Personal Mastery; in the sense of “master craftsman”, through lifelong learning and focus on 
a personal vision of the individual’s aspirations.  Without learning at the individual level, the 
organisation cannot learn as a whole. 
 
• Mental Models; related to Scott’s interpretation of ‘gestalt’ [166], this is framed as an 
awareness of personal bias and how this can affect the conclusions a person draws.   
 
• Common Shared Vision; “as opposed to the all-too-familiar “vision statement”” [179] is a 
shared picture of the future the organisation is working to create. It is intended to inspire 
dedication rather than produce prescriptive rules.  The ‘shared’ aspect is important- an 
executive imposing their own personal goal may not become shared within the company.   
 
• Team Learning; a team as a whole may achieve insights and results that the constituent 
individuals working alone could not.  This reflects the importance of interpersonal 
knowledge transfer described above [168], [172]: through dialogue, not only do individuals 
learn from each other but the team may learn as a whole.   
 
Garvin [181] lists three factors needed to build a learning organisation: “1) a supportive 
environment, 2) concrete learning processes, and 3) leadership that reinforces learning”.   These are 
demonstrated in Sugarman’s case studies [183], particularly the product launches example.  
Admitting mistakes requires all three of Garvin’s factors to be present so that staff feel comfortable.  
Systems thinking was needed to make useful changes for all future product launches rather than 
local fixes in each product team, moving past the learning horizon.   
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2.7.3 Knowledge Audits 
Taking an inventory of the knowledge present in an organisation, including codified documents and 
networks of interpersonal connections, is referred to as a knowledge audit.  This can be useful for a 
business, for example to monitor capability, find gaps in required knowledge, or produce a 
knowledge map[168] - something which points to where to find knowledge.  This might for example 
be a directory of experts, locations of documents, a searchable database or some combination. 
[167], [171], [173]  It is often recommended [184], [185] that knowledge audits be carried out before 
embarking on a project to implement new knowledge management processes.   
Levantakis et al [184], quoting in 2008 from a variety of sources, suggest that the majority of 
companies in Europe have some form of knowledge management initiative underway- and that 80 
percent of knowledge management projects “have little or no impact on the organisations”.  
Without context, these figures should of course be viewed with scepticism, but the principle of 
understanding the current situation- and finding out what is most likely to be used by staff- before 
going ahead with a new solution seems in the author’s opinion most reasonable.   
To facilitate knowledge transfer between academia and industry, it is useful to find out how people 
in these groups prefer to learn.  The fourth of Davenport and Prusak’s principles of knowledge 
codification is identification of an appropriate medium for distribution [168].  The working practices 
and preferences of the target audience for the knowledge transfer should inform this choice.   
In their 2013 review, Shukor et al [185] compared 22 papers mentioning “process”, “output” and 
“data gathering technique” for knowledge audits.  The four most popular techniques among the 
papers they studied were questionnaires (7 papers), interviews (8), document review (3) and “focus 
groups and observation” (3).  This includes groups using more than one of these.  As this is a limited 
set of papers one cannot draw statistical conclusions on the relative popularity of, say, document 
review versus questionnaires, but these techniques are all used by more than one group.   
They do not find a standardised process for carrying out a knowledge audit.  Some groups consider 
recommendations, implementation and re-auditing part of the process, others discuss only the 
inventory/mapping process- of both documentation and knowledge flow between people.  Some of 
the papers cited in the aforesaid review [185] attempt to create a standardised method for 
knowledge audits [184], [186], [187].   
It seems based on these that the only agreement is that a knowledge audit involves designing a new 
‘standard’ method.   
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Shukor et al [185] find more agreement in the expected outputs of a knowledge audit, with 18 
papers mentioning an inventory of knowledge assets and 15 some form of “knowledge exchange 
path”, identifying the flow of knowledge among people.  7 papers were categorised as using the 
knowledge audit as a ‘diagnostic tool’- for identifying knowledge gaps.  Directories of experts (4) and 
training needs analyses (2) were also possible outputs.   
The majority of these works are knowledge audits with industrial groups [31], [173], [174], [184], 
[187], [188].  In the 2012 paper “Determining The Existence Of Knowledge Management Processes 
Among Academicians”, Nawi et al [189] note that academic groups have been neglected. They found 
that, for the faculty studied, knowledge management processes (capturing, organising, refining and 
transferring) occur.  There is no mention of standardised procedures or rating their usefulness.    
A subset of knowledge audit techniques, related to the human side of knowledge transfer rather 
than locating documentation, is used in Chapter 3.   
This is not intended to trivialise the importance of documentation- on the contrary, ensuring work is 
both useful and used requires relevant information to be found and understood as part of normal 
work processes.  Reports are of little use if the information they contain is not read, understood and 
applied to the next project. Rather it is intended to gather opinions on both codified and 
interpersonal knowledge transfer in the participating organisations, and to identify knowledge 
transfer occurring within and between them.   
2.7.3.1 Questionnaires 
Simply asking people for their opinions and who they talk to can seem a very obvious approach, yet 
among the participating organisations in Chapter 3 it was not common practice to do so.   
Quantifying opinion 
Hubbard [190] suggests methods for measuring ‘soft’ qualities such as opinions and happiness.  
1) Likert Scale- rating on a scale from ‘strongly agree’ to ‘strongly disagree’ or ‘strongly like’ to 
‘strongly dislike’. 
2) Multiple choice- picking from mutually exclusive answers.   
3) Rank order- assigning numbers to a list of items from most preferred to least preferred 
4) Open ended- space to write an answer in the participants’ own words.   
 
All except the last option can then be quantified by measuring how many participants (or how many 
with a set characteristic, such as job type) answered in each way.   
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Hubbard [190] makes a point of recommending strategies to avoid bias.   Short and precise 
questions are recommended, without compound parts (e.g. ‘do you prefer A,B&C to D,E&F?’ would 
be difficult to answer if you prefer A to D but E to B).  It is best to avoid loaded terms and leading 
questions if you wish to obtain a genuine and unbiased result.  The guide also recommends reversing 
values in scale questions sometimes so that people do not just automatically tick 5 (or 1) for 
everything.  These practices have been followed in the questionnaire used in Chapter 3.   
2.7.3.2 Knowledge Network Analysis 
Knowledge networks are a form of social networks, where connections between individuals are 
displayed in a graphical form and analysed.  Scott [166] describes the initial concept as a ‘sociogram’, 
a map of social connections.  A popular person is, in sociometric concepts, referred to as a ‘star’ due 
to the inward links surrounding them from admirers who aspire to be their friend (Figure 2.41).   
 
Figure 2.41: An example of a sociogram- a sociometric star.  Reproduced from [166] 
The links between people, or edges, in a sociogram are directional, so may be reciprocal- or not.  For 
a knowledge network, the edges represent knowledge transfer in an organisation.  These may be 
useful in understanding the knowledge flows within a group or organisation; and can identify 
problems which may not otherwise have been noticed.  An example from Cross et al [191], shown in 
Figure 2.42,  illustrates knowledge flows in a specialist group of experts within a consultancy.  The 
initial study found two sub-groups of people who chose to work together due to shared interests.  
This had become a problem as members of each group were not drawing on the expertise of the 
other in their projects.  With the problem illustrated, the group leader staffed projects with persons 
from both groups and implemented new goals and communication tools which required interaction 





Figure 2.42: Sociograms of an expert consultant group, reproduced from [191].  Names are disguised. 
Helms et al [31] divided knowledge networks into two types- ‘push’ networks, representing teaching 
of one or more persons by others, and ‘pull’ networks, representing the asking of questions.   
Edges in a sociogram may be weighted.  For a pull network this might be by frequency of 
questioning, as used in Chapter 3.  For a push network edge weighting represents how active the 
learning is, on a scale from very passive (e.g. listening to a lecture) to very active (e.g. guided 
experimentation).  [31] Davenport and Prusak [168] refer to this concept as “viscosity of knowledge 





Algorithms for Network Analysis 
Networks, of any variety, can be analysed in many ways depending on the requirement[166].  The 
principle of nodes connected by edges might describe companies, people, web pages and hyperlinks, 
computers, airports with connecting flights or many other things.   Network visualisation and 
analysis tools such as Gephi  [192] or UCINet [30] can be used to generate sociograms and to analyse 
various aspects of the networks mathematically.  Focusing on knowledge transfer, it is useful to 
discuss the splitting of a community into cliques [166] as this can affect knowledge flow.  Measures 
for the authority of any given node- here a person- are also useful, as this can help to identify the 
experts who are communicating their knowledge to others in the group.   
PageRank 
Brin and Page [193], [194] developed the PageRank algorithm to use hyperlinks- edges- to determine 
the authority, or rank, of web pages.  Their concept, that a node’s value is determined by the value 
of the nodes that link to it, should result in both a node with many links pointing to it and a node 
with a single link from a highly ranked node having a high rank.  This method is famous as the 
original basis for the Google search engine[194].   
A simplified version of PageRank [193] defines a ranking R, for a node u with outgoing links to a set 






c is a normalisation constant.  The rank of a node is defined by the sum of the fractional ranks from 
incoming links.  This rank is then divided equally among the outgoing links to contribute fractional 
ranks to the nodes they point to.   
This simple method allows rank sinks to form: where two nodes link only to each other, but one has 
an incoming link from elsewhere, rank accumulates by looping between the two paired nodes.  This 
is solved by introducing a damping factor [193], [195], d, usually set to 0.85.  For web users, this 
represents randomly surfing without following a link.   





Gephi implements a modified version of PageRank which takes into account edge weighting[196].   
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Hypertext Induced Topic Selection (HITS) 
The HITS approach [195] ranks nodes by incoming and outgoing links.  Nodes linked to by many 
other nodes are referred to as authorities, whereas nodes which link to many other nodes are called 
hubs.   
Based on Kleinberg’s work [197], the Gephi implementation assigns an authority value and a hub 
value to each node, each normalised over the network so that their squares sum to 1.  Both values 
are first set to 1.  Each node’s authority value is updated to be the sum of the hub values from the 
nodes pointing to it.  Each node’s hub value is then updated to be the sum of the authority values of 
the nodes it points to.  Both sets of values are normalised, and the process repeated.   
Modularity classes, or cliques 
Networks can be partitioned into cliques or communities of densely connected nodes, where the 
connections between cliques are more sparse.  [166], [198]  Splitting a network into these cliques 
can demonstrate whether they line up with the expected- e.g. teams within an organisation- and 
whether or not there is sufficient knowledge flow between cliques.  A network partition has a 
property called modularity- this is a measurement of the density of links inside cliques compared to 
those outside cliques, which takes a value between -1 and +1 [198].  Modularity is optimised to 
produce the optimum partitioning of the network into cliques, referred to as modularity classes.  
Gephi uses an algorithm based on the work of Blondel et al [198].  For a network with weighted 
edges Aij between nodes i and j, where ki=∑jAij is the sum of the weights of the edges from node i 







] 𝛿(𝑐𝑖 , 𝑐𝑗)
𝑖,𝑗
(2.45) 
The δ-function, δ(u,v), is 1 if u=v and 0 otherwise and 2m=∑jjAij.   
Blondel et al [198] use an iterative process over first nodes, then cliques, to find high modularity 
partitions of networks. 
Finding the cliques and enabling knowledge transfer between them is of value to an organisation, as 
if work is done only in isolated silos this can result in duplication of effort, where solutions to 
problems are not shared across the whole organisation.   
Knowledge networks between academia and industry 
Knowledge networks of many organisations commonly use organisations as nodes rather than 
individuals.  This may represent links between companies but cannot automatically be assumed to 
imply transfer of knowledge at the individual employee level.   
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Studies carried out investigating knowledge transfer links between different organisations in the 
same space commonly use either proxy data; such as lists of partners on websites [199], co-
publication of papers [200], collaboration on research projects [201] or membership of meetup 
groups [202]; or interviews with single representatives of each organisation, usually Chief Executive 
Officers (CEOs).  In the former case, while the organisations have a declared partnership there is no 
demonstration of knowledge transfer between individual employees.   
Where CEOs or other executive officers are interviewed, they may be explicitly asked to identify 
knowledge transfer links as in Plum and Hassink’s study of automotive and biotechnology companies 
in two regions of Germany [203].  While this still fails to assess knowledge transfer at the employee 
level, if the CEOs are in touch with the day to day work going on in their companies this may be 
more realistic than some of the proxies listed above.  Plum and Hassink [203] found that almost all 
biotechnology companies interviewed had links with universities or research institutions but very 
few of these academic institutions were linked to more than one of the companies interviewed.  A 
smaller proportion- but more than half- of automotive companies had links to research institutions 
or universities and more of these institutions had links with multiple companies.   
In other industries, the method of interviewing single representatives of each company also shows 
links between research institutions and companies.  Abbasiharofteh and Dyba [204] found furniture 
SMEs participating in a cluster initiative in Swarzędz, Poland, all had direct links to at least one 
research institution.  Similar companies in Kępno, Poland, who were not part of an official initiative 
were all linked either directly or via another company to a co-operating institution [204].  
Hjertvikrem and Dahl Fitjar [205] carried out interviews with representatives of 30 subsea 
companies in Rogaland, Norway, of which 23 were considered small or medium companies.  They 
found multiple links between companies, and the majority of companies had links to one or more 
universities or research institutions.    
In their study of the wine industry in Mendoza and San Juan; Argentina,  McDermott et al [206] 
interviewed enologists and agronomists- knowledge workers at wineries and grape suppliers- 
alongside directors, presidents and other high-level individuals, plus staff members at Government 
Support Institutions (GSIs), which have a remit to provide training and R&D programmes in this 
industry.  Participants were asked to identify sources of knowledge, but at the organisational level 
rather than naming individuals. The local government in Mendoza had created numerous GSIs to 
support the wine industry, while San Juan took a different approach.  The resulting knowledge 
network can be seen in Figure 2.43.  
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They found links between all participant wineries and GSIs in both areas, but a larger number of 
wineries and GSIs in Mendoza forming a network with a core group of wineries with links to multiple 
GSIs and GSIs with links to numerous wineries, surrounded by organisations with only one or two 
links.  In San Juan the number of both institutions is smaller, and only one winery has links to more 
than two GSIs.  Three GSIs link the two regions.  There are no wineries that do not have links to at 
least one GSI  [206].    
 
Figure 2.43: Ties between wineries and Government Support Institutions in Mendoza and San Juan, 
reproduced from [206].  Data based on interviews with a range of staff members carried out in 2004-05.  [206]  
 
2.7.4 Technology transfer and SMEs 
“Practices and rules developed very early in the history of composites, when the materials were new 
and untried, are still widely used across the breadth of composites applications despite the 
availability of new knowledge.  This old mindset around composites is evident when we consider 
current production capability issues.”   
The above quote from Chatzmichali and Potter [207] demonstrates the importance of knowledge 
transfer in development of a new technology, specifically in the composites industry.  They state 
that when integrating new technology into a business without accompanying knowledge transfer, 
the new technology will likely be treated as a ‘black box’ and hence not be used to its full potential.   
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Fabris et al [208] find that the majority of programmes for technology transfer from academia to 
industry which are relevant to composites manufacturing target aerospace and defence, mostly 
large companies.  Their report, which focuses on the Canadian composites industry, states that over 
half of the companies (mostly SMEs) surveyed either invest less than 5% of revenue in research and 
development or do not carry out R&D at all.  The same group have pioneered ‘Knowledge in Practice 
Documents’ [115], a structure for industrially focused knowledge transfer in the composites 
industry, splitting information regarding the topic in question into categories relevant to the 
manufacturing process: equipment, tooling, part, materials and methods and producibility.  
Providing such knowledge transfer fits with the push-to-market approach for radical new 
technologies recommended by Maine and Seegopaul [209].   
López-Gómez [210] points out that limited resources makes capitalising on scientific development 
particularly difficult for small and medium sized enterprises, while arguing that they are vital to the 
UK economy.   
Dowling’s review [211] finds business-university research collaborations vital to technology transfer, 
including the Catapult scheme, of which the National Composites Centre is a part.  The review 
emphasises the difficulties faced by SMEs in accessing and benefiting from university research.  
Recommendations include more effective brokerage in arranging collaborations, prioritisation of 
“knowledge exchange over short term income generation” and greater recognition of the 
importance of people in successful collaborations for knowledge transfer.   
2.7.5 Knowledge Matters 
Hansen et al [172] conclude their paper with an exhortation  not to isolate knowledge management.  
The choice and implementation of a strategy must be led from the top and embedded into the 
business- not as an add-on but a key part of all activities.   
Davenport and Prusak [168] also discuss this in terms of the ‘knowledge environment’ in a business, 
in particular in terms of building knowledge management into business processes and employee 
activities and appraisals.  They consider knowledge an asset to a business “as real as any other that 
appears on its balance sheet”.   
The author’s experience bears this out, as does Potter’s [4] discussion of how skilled laminators’ 
knowledge can contribute to designing parts which are easier to manufacture, delivering better 
quality or greater efficiency- this requires knowledge transfer between laminators and designers.  
Similarly, in technology development, knowledge transfer should, in the author’s opinion, be a key 
constituent of the process.   
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Within an organisation, sharing knowledge both increases robustness and can spark new ideas 
through conversations with others.  Zack [212] states “integration of knowledge across different 
contexts opens an organisation to new insights”.  One of the goals of Joel-Edgar and Gopsill’s [170] 
document tagging and linking project is to find hitherto unknown links between disparate projects.  
Someone in a different team, trying to solve a different problem, may have coincidentally found 
something useful to you.  This can be generalised to communities of practice across many 
organisations- an aspiration to develop composites manufacturing technologies in a manner useful 
to a variety of industries, and sharing this knowledge across sectors, is part of the reason the  
National Composites Centre exists.  Another reason is to bridge the gap between academic research 
and industrial application- two groups who may not share the same framework, language or 
methods of communication.  
Technology transfer requires the benefit of the technology to be communicated to the industrialists 
who will use it, in a manner which suits their preferred methods of learning.  The low industrial 
uptake of dielectric cure monitoring may be an example of failure to transfer knowledge from 
academia to industry.  On a wider continuation of the theme, academics and industrialists alike 
benefit from improved public understanding of their work, removing the scare factor from the 
unfamiliar and demonstrating utility to society, along with- hopefully- encouraging more people to 
consider careers in these areas, particularly important in areas- such as composites manufacture- 
where a skills gap [33], [213], [214] might easily act as a dampener on an otherwise growing 














2.8 Review Conclusions 
2.8.1 Knowledge transfer within and between academic and composites SMEs 
In order to improve knowledge transfer between academia and industry, it would be useful to know 
knowledge workers’ preferences, opinions on current practices and to find out the current status of 
knowledge transfer links between the different types of organisation.  For each individual 
organisation, the opinions and preferences combined with an illustration of current knowledge 
transfer and expertise can highlight both problems and opportunities.   
Knowledge held within the minds of employees is valuable to any organisation Some things can be 
codified, but interpersonal knowledge transfer is often preferred, particularly when dealing with 
tacit knowledge.  [4], [162], [163], [166]–[169], [172] This is vital for team learning, and 
communication beyond the team to expand horizons and solve problems holistically. [179]–[183] 
There is no standard practice for carrying out a ‘knowledge audit’ of both the codified material and 
interpersonal connections within an organisation.[184], [185], [187], [188]  These exercises, using a 
variety of methods, are more often carried out with industrial groups [31], [173], [174], [184], [187], 
[188] than academia [189].  Questionnaires can be used to quantify opinions using a Likert scale, 
rank order or similar. [190]  
 Knowledge networks can illustrate the connections between individuals [30], [166], [192].  Helms et 
al [31] divide these into ‘push’ networks, where one person is taught by another, and ‘pull’ 
networks-  asking of questions.  The network edges can be rated by viscosity of knowledge transfer- 
where more active learning is more likely to ‘stick’ [31], [168].  Knowledge networks can be analysed 
using methods such as PageRank [193]–[195], HITS [195], [197]and modularity classes [166], [198].   
Studies of knowledge transfer between organisations commonly use proxy measures such as lists of 
collaborators [199]–[202], or conduct interviews with CEOs [203]–[205].  These studies show links 
between companies, including SMEs, and universities/research institutions in a variety of industries, 
but do not ask the individual employees if they learn from these links.  One study which does ask 
knowledge workers with the companies, McDermott et al [206], finds many connections between 
‘government support institutions’, which conduct research and training, and companies in the wine 
industry in Argentina.   
A questionnaire based study is carried out to find out employee opinions regarding both current 
knowledge transfer practices and other options in academic groups, a research institution and 
companies- mostly SMEs- recommended by these.  These same questionnaires ask participants who 
they learn from and who they go to with questions, allowing knowledge network diagrams to be 
constructed, illustrating knowledge transfer pathways both within and between organisations.   
85 
 
2.8.2 Using micro X-ray CT scanning to track defects 
Monitoring tow gaps and ply drops during cure, using uninterrupted in-situ micro-XCT, would be 
useful to industry and may deliver a clearer picture of void evolution.  This is also intended to 
demonstrate in-process micro-XCT as a technique which may be useful during product development. 
Tow gaps and ply drops are unavoidable for AFP layup of many geometries [4], [7], [151]–[153].  
These defects have negative effects on the final properties of a part [153], [155], [156] and the 
position of the defect in a part can have a significant contribution[48], [154].  As tow gaps are in line 
with the fibre direction, fibre movement into the gap during cure is expected as in Belnoue et al’s 
model [151] which is not expected with ply drops.   
Tow gaps and ply drops result in voids at the site of the defect.  The initial voids located at the defect 
sites are large, but smaller voids which remain or form later in the cure may be described by the 
model of de Parscau du Plessix et al [160], which predicts an increase in void radius as resin viscosity 
decreases and temperature increases.  XCT studies using multiple quenched samples do not show an 
increase in porosity at this stage [27], [28], but here the same defect is not tracked throughout so 
variation in the initial state cannot be accounted for, and details may be missed as relatively few 
scans are taken.   
A cure kinetics model for the Hexcel M21 resin [15] can be used to model the viscosity and degree of 
cure [43].  Voids can be measured in XCT reconstructions using a surface determination method 
based on the change in greyscale value between the material and air in the reconstructed volume.  
[141], [142]   
Time-resolved XCT is often carried out using a synchrotron [136], [144]–[148], including a study of 
void evolution during debulking (without cure) [147].  Industrial micro-XCT scanners cannot achieve 
the same scan speed and resolution, but have been used for uninterrupted in-situ time resolved XCT 
[149] though, prior to this work, no records could be found of in-situ micro-XCT scans of a composite 
part during cure.  Bubble transport during the cure of neat resin was studied in a time resolved 
manner using a nano-focus XCT scanner [150].   
An industrial micro-XCT scanner, equipped with a heated tool and vacuum system, is used to take 
fast scans of composite parts during cure.  To achieve the best possible resolution, a small cylindrical 
part is preferable.  Unidirectional M21 prepreg can be laid up with a deliberate defect- tow gap or 
ply drop- across the diameter of a test part.  Total void volume for each scan can be measured using 
a surface determination routine and automatic processing in VGstudioMAX.  These results can be 
compared to the viscosity and degree of cure of the part using the M21 cure kinetics model, to 
determine whether the predicted increase in void volumes at minimum viscosity is seen.   
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2.8.3 Dielectric analysis for monitoring degree of cure 
Dielectric Analysis is required to monitor the degree of cure and Tg of a test part throughout 
different cure cycles in an industrial autoclave, and to trigger the cool down of the autoclave when 
the required degree of cure is reached in both thin and thick extremes of the part, with the intention 
of delivering a lower energy cure cycle for this demonstration part.   
The applicability of dielectric analysis to monitor the degree of cure of a resin has been 
demonstrated through comparison to DSC data [20], [86], [94], [101], [105], and to other cure 
monitoring technologies- ultrasonic cure monitoring [86] and FTIR spectroscopy [67]. For a dynamic 
cure cycle, the time derivative of the logarithm of the Imaginary Impedance Maximum can be 
analysed in an analogous fashion to a DSC trace, demonstrated by Skordos and Partridge[105].   The 
Advise dielectric analysis system [34] uses this approach and has a model for the Hexcel 8552 resin.  
The glass transition temperature, Tg, can be calculated from degree of cure using the DiBenedetto 
equation[40], [42].  For the Hexcel 8552 resin [13], the DiBenedetto equation from the NCAMP cure 
model [23] is used by the Advise system to calculate Tg.  This equation does not account for a drop in 
Tg seen at very high degree of cure, caused by degradation of the resin [23].   
The NCAMP model for 8552 [23] also includes a cure kinetics model, allowing a theoretical degree of 
cure to be calculated from temperature data.  This model is used in the Raven software[44]. 
A range of sensor options exist [17], [19], [92], [34], [54]–[57], [76], [81], [90], with interdigitated 
sensors being the most practical for use in autoclave cure [84], either as tool mounted or embedded 
sensors.  Embedded sensors are required to measure at a point within the thickness of a ply stack.   
Maistros and Partridge [84]have used dielectric analysis to identify the optimum time to apply 
pressure during cure of a stepped wedge test part with a range of thicknesses.  Dielectric analysis 
has also been used to suggest changes to cure cycles to enable out of date prepreg to be used [25] , 
though this work did not include active process control.   
The test part is made of 8552 as models are available for both the dielectric analysis system and the 
simulation software, which use the same degree of cure-Tg relationship.  Measurements of degree of 
cure and Tg by the dielectric analysis system are compared to simulation and to DSC and DMA tests 
of samples from the cured part.  The choice of target degree of cure should be low enough that 
when the thin end of the stepped wedge reaches the target, the thick end is expected to be at a 
measurably higher degree of cure, to ensure a range of measurements, while not being so low as to 
be unrealistic for all industrial use.   Active process control of the autoclave by the Advise dielectric 
analysis system is trialled as part of this study.  Flexible sensors are assessed for their suitability in an 
industrial environment.  
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2.8.4 Knowledge Transfer Resource for Dielectric Cure Monitoring 
An industrially focused knowledge transfer resource for dielectric cure monitoring is intended to 
illustrate potential uses of the technology which would be of value to a manufacturer of composite 
parts, while providing useful information, including practical considerations, which should be 
evaluated when making a business decision.   
Dielectric cure monitoring has been used in academia for decades, but is little known in industry.  
[19], [20], [97], [215] This technology has a variety of potential applications in composites 
manufacturing.  Cure monitoring for quality assurance and active process control for cure 
optimisation are discussed above.  Other applications include increasing the usable lifespan of 
prepreg [25], tracking resin flow fronts [116] and controlling the flow to eliminate dry spots [24], 
determining the best time to apply pressure during the cure [84] and monitoring degree of cure 
through the thickness of an aerospace component [76].   
Knowledge transfer can be important in facilitating adoption of new technology, both in ensuring it 
is used to its full potential [207] and as part of a push-to-market commercialisation strategy [209].  
Business-university research collaborations are considered vital to technology transfer from 
academia to industry [211], which is of particular value to SMEs, which have limited resources but 
contribute to the economy, though large companies are often targeted. [208], [210]  
A resource of codified knowledge should be designed to fulfil clear goals.  It should exist in an 
appropriate medium for distribution and consider not just the content, but how best to structure 
and communicate it.  [168], [169], [172], [176] Use of language is important, as academia and 
industry or even different departments within the same organisation may use different jargon [4].  
Knowledge codified in this manner may easily become out of date, so something easily updated- 
such as a software portal- should be considered [169], [171].   Fabris and Poursartip [115] have 
pioneered a structure for ‘Knowledge in Practice Documents’ based on the needs of the composites 
industry.   
A Knowledge Transfer Resource for dielectric cure monitoring is constructed, with reference to the 
results of the Knowledge Transfer Study questionnaires.  This is designed around industrial 
requirements and includes case studies.  An electronic format allows easy updating and integration 
of multimedia elements, plus non-linear navigation, allowing users to follow the path most relevant 




3 Knowledge Transfer in Academia and Composites SMEs 
 
3.1 Rationale 
A technology may be well known in academia yet never make it to industry, despite its promise.  
Dielectric cure monitoring is an example, having been used in academia for over three decades [78], 
but with little uptake in industry.  Commercial systems are available [34], though not yet truly 
mature.  Encouraging industrial uptake requires not only technological development but also 
knowledge transfer. Potential industrial users need to be aware that the technology exists and might 
benefit them, to learn about it in a manner which suits the way knowledge is transferred in industry.   
Both the National Composites Centre and the EngD in Composites Manufacture aim to bridge this 
gap between academia and industry, making this topic of particular interest for an EngD undertaken 
at NCC.  The EngD scheme is notably based around people- by carrying out a doctorate in an 
industrial environment, EngD students- such as the author- sit between the worlds of academia and 
industry and are well placed to introduce new technologies into the industrial environment, while 
feeding back to academia the requirements of industry in these areas, and presenting their work in 
an academic environment.  The NCC exists to drive the UK Composites industry forward, 
contributing to the economy both with technology and building a skills base for the future.  This 
involves working with industrial partners to carry out research of use to a variety of companies and 
industries, to develop new technologies and, particularly through links with the University of Bristol, 
bringing academic work to higher TRL levels [216]  and the attention of industry.  The skills aspect is 
particularly important.  As detailed in the Perkins Report [214], the UK has a large skills gap in 
Engineering.  We do not have enough new Engineers to replace the generation reaching retirement, 
let alone to develop in new areas- Composites being a key growth area [2]- and hence improve the 
UK economy as the government intends.  Tackling this gap is very important [213].  In the long term, 
the way we teach physical sciences and technology in schools- particularly to girls, as relatively few 
women still choose engineering- will be key to this, as argued in this 2014 essay [33] .  In the 
meantime, efforts at NCC to provide training to those already in engineering with no composites 
experience are vital to this task.  The courses are a collaboration between academics and NCC staff, 
aimed squarely at those with an industrial background.  It is intended that the results detailed here 
may contribute to delivering this knowledge transfer in the most useful manner.   
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Hypothesising that there may be significant differences between knowledge transfer in industry and 
academia, a survey was designed to find out more about this, focusing on composites SMEs and 
comparing them to two academic groups.  The survey is designed to be useful to the organisations, 
with the results providing information which may inform business decisions, including how they 
organise their internal knowledge transfer.     
 
3.2 Knowledge Transfer Studies 
3.2.1 Aims 
A questionnaire based study has been developed, intended to facilitate better understanding of how 
knowledge is transferred in the composites industry, with a particular focus on Small and Medium-
sized Enterprises (SMEs) of less than 250 staff [217].  SMEs are often considered more agile [211] 
than larger businesses, with smaller scale processes and/or batches of different items built on 
demand.  This suggests that SMEs might find it easier to experiment with using new technologies in 
their processes than large companies, particularly those with long development cycles as are 
common in the aerospace industry.  However, a small company is often too small to have a 
dedicated research and development team.  [210] 
In order to encourage technology transfer from academia to industry, it can be useful to better 
understand knowledge transfer in these two areas.  The hypothesis that few industrial participants 
will read academic papers may seem like common sense- for many businesses cannot afford the 
subscriptions or the staff time required- but this does not make it any less valuable to find out what 
is popular and what is not, how business practices compare across the participating organisations, 
and whether there are any correlations with age or job type in how people prefer to learn or find 
answers to questions.   
Additionally, using the model of Helms et al [31]to construct network diagrams for knowledge 
transfer between participants- within and between the groups- gives us an indication of how 
successful an organisation’s current practices are and an indication of whether or not schemes 
intended to improve links between academia and industry- such as the EngD scheme and the 
National Composites Centre- have resulted in any such links being formed among the organisations 
studied.  As the Tier 1 members of the National Composites Centre are all larger companies [5], 
investigating whether any employees of representative composites SMEs consider NCC staff a source 




3.2.2 Value to participating company 
For the participating company, which receives a full report on their results (but not anyone else’s), it 
is important that they gain a benefit from being involved.  While, as part of a student project, the 
work was carried out for free, this does not mean it is at zero cost to the company, as staff time to 
fill in the questionnaires and liaise with the organiser has a value.  
The questionnaire was therefore designed not only to be of interest for the topics being studied, but 
also to be directly useful to the company.  The results can be used to identify key people, see who is 
isolated and to find gaps in competencies needed for projects.  This allows a manager to find out 
where more knowledge transfer may be needed, either from existing experts to other staff or by 
training people in a new area or bringing in new expertise.  Knowing who is an expert, and on what, 
creates the opportunity to share their knowledge throughout the company, preparing for the day 
when that expert moves on and encouraging staff to help and learn from each other.   
To make the most of this, it is also useful to find out how well the current knowledge transfer 
practices are- or are not- working, and opinions on what other options might fit well with the 
organisations.  Asking staff what they think, and how they find out what they need to know, provides 
valuable information when making business decisions about future knowledge transfer practices.   
3.2.3 Development of questionnaire 
3.2.3.1 First pilot study 
The first stage questionnaire was developed after talking with a capability group at the Research 
Institution about their requirements and conducting a literature survey.  The initial pilot, including 
knowledge network, competence matrix and opinion based questions, was conducted via the 
organisation Intranet using SharePoint.   
Despite all efforts, the response rate was extremely poor (<10%).  Since a representative picture of 
the group cannot be obtained with such a low response rate, a different approach was needed.   
3.2.3.2 Second pilot study 
The second pilot was carried out with a different group at the Research Institution.  In an attempt to 
encourage the group members to participate, a paper questionnaire was used, and participants 
were encouraged to do this on the spot during the group meeting.  A cake incentive was offered.  
The response rate was much improved, as almost all group members present on that day 
participated.   
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Use of a paper questionnaire makes anonymisation easier, but significantly increases the workload, 
as the data must then be entered into spreadsheets manually.  OCR software was investigated for 
automation but a suitable solution could not be found.  Given the vastly improved response rate, 
this extra work is considered worthwhile.  If more funding were available, a dedicated set of devices 
that could be handed out at meetings would meet both sets of requirements.   
Feedback on the result was very positive.  The group manager considered the information provided 
very useful, particularly the knowledge networks, as this illustrated potential problems he had been 
unaware of (anonymous group manager, pers.comm., 2015). 
3.2.3.3 Final questionnaire 
A generic example of the final questionnaire is shown in Appendix 1.  Minor improvements were 
made based on feedback from the second pilot study.  The topics in the competence matrix are 
unique to each organisation, chosen by the representatives who arranged the study- usually 
managers or team leaders.  Among the opinion based question is one asking participants to rate 
their organisation’s current knowledge transfer practices.  As some organisations have unique 
practices, the items on this list can also vary.  For later analysis, where possible these were grouped 
into categories to allow comparison between groups, but some more unique options had no easy 
point of comparison with others.   
Note on anonymisation 
The questionnaire was constructed in two parts.  The first, requiring names to serve its function, is 
used to construct networks of who learns from whom and who goes to whom with questions 
(following [31]), and a matrix of self-rated competencies.  This is anonymised by assigning which are 
not related to individuals’ names (e.g. Participant 1 in group A is PA01).   
The second part contains opinion questions about knowledge transfer in the organisation.  To 
encourage honesty, this part is on a physically separate sheet and immediately anonymised (by 
shuffling the papers) as far as is reasonable.  However, it should be noted that in order to investigate 
trends, participants were asked to give their age range (decade) and job type, meaning that where 
an individual is very distinct from the others in their group (such as the one person aged under 20) it 
would in theory be possible for a person who knows participants at that organisation to identify 
them.  No such identification has been or will be attempted.   
All participants were issued with a briefing document explaining what the questionnaire was for and 
how to contact me, including how to withdraw their answers prior to anonymisation.  All questions 
were optional, and some chose not to give their ages and job types.   
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3.2.4 Participating Organisations 
The survey was carried out with staff and students from twelve different organisations.  Results are 
most representative of the organisations- and most useful to them- where all or most staff from the 
company or team are included, but this was not always practical.   
9 of the organisations were companies, in the composites industry.  Companies 1 – 4 are based in 
Canada and companies 5 – 9 in the UK.   
Company 1:  A relatively high-tech manufacturing company, larger than an SME as it has 750+ staff, 
with sites in two countries.  Aerospace industry.  11 participants drawn from a larger workforce.   
Company 2:  A high-tech SME working on software and hardware for composites manufacture.  A 
spin-out from the Canadian academic group, based on the main university campus.  19 participants, 
comprising of most of the staff.   
Company 3:  A small manufacturer using lower-tech methods than company 1, making consumer 
goods.  9 participants.   
Company 4:  A second small manufacturer in consumer goods, again using lower-tech methods than 
those common in high value industries such as aerospace.  5 participants.   
Company 5: The composites arm of a holding company.  Run mostly as an independent unit, though 
product design is often done at the head office.  Manufacturing large batches of a variety of 
composite components, including non-structural parts for rail and aviation.  8 participants drawn 
from a larger workforce.   
Company 6:  A small business with an interest in new technologies and training and apprenticeship 
schemes.  Manufacturing small batches and one-off projects among other things, with some high-
tech items.  18 participants.  Notable that two different groups within the business (laminating and 
fitting) are considered by management to have significantly different working cultures.  (Interview 
conducted with senior staff at Company 6, not included due to anonymisation requirement, August 
2016) 
Company 7:  A small business which has relatively recently (early 2016) been acquired by a larger, 
though still relatively small (150 people) business.  Run largely independently, making batches of 
components for a variety of customers.  Particular expertise in marine systems.  7 participants from 
a workforce roughly double that size.   
Company 8:  An SME which develops and manufactures equipment used in the composites industry- 
including by company 7 and the research institution.  20 participants.   
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Company 9:  A composites engineering group within a large multinational aerospace company.  13 
participants, comprising most of the group in question.   
A research institution, intended to facilitate technology and knowledge transfer both from academia 
to industry and throughout the composites industry, was used for the initial pilot studies as well as 
participating in the final study, approximately 18 months after the second pilot.  Four different 
research groups within the research institution participated.   
Two academic groups, one in Canada and one in the UK, also participated. The UK group (Academic 
1) is a collaboration between four separate universities which are located in different cities.  One of 
the universities hosts the above-mentioned research organisation.  There were 39 participants, all of 
whom attended a group conference.  Some of the participants are EngD students, some of whom 
are based at the research institution and one at company 7.   
The Canadian group (Academic 2) was based at one university with two geographical locations.  One 
of the Canadian SMEs (Company 2) is a spin-out from this university and is based on campus, some 
people work for both the academic group and the company.  There were 13 participants, comprising 
most of the academic group.   
Important Note:  The author is a member of the Research Institution and Academic Group 1 and 
spent time with Academic Group 2.  The author did not participate in any of the surveys in an 
attempt to avoid unintentionally biasing the result.  Other people who are members of more than 
one organisation have participated more than once.  Their contributions to the knowledge networks 
are combined from all questionnaires, and duplicate links deleted, with the highest value link saved.  
For the anonymous data, it is not possible to identify which answers are duplicates so these are 
simply included.  4 people completed the survey in both the Research Institution and Academic 
Group 1, person completed the survey in two different groups within the Research Institution and 1 
person completed the survey in Academic Group 1 and Company 7.   
3.2.5 Knowledge Networks  
A Knowledge Network shows the connections between people in a group. These can be used to 
identify the key people (Knowledge Brokers) who are engaged in transferring knowledge to others, 
for example by teaching or answering questions.  It is also easy to see if any of the participants are 
isolated from the rest of the group.  Knowledge Network Analysis is a form of Social Network 
Analysis, an increasingly popular [166], [175], [218] tool for studying connections between people 
and how those who form a group interact.     
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This is valuable to a business, as identifying key staff is crucial to retaining knowledge within the 
organisation- in the short term by ensuring key people are happy to stay, and in the long term by 
encouraging effective knowledge transfer to others.  When a knowledge broker does decide to move 
on, ensuring that the network is robust enough to withstand the loss and/or hiring or promoting 
staff who can provide not only the technical competencies but also the personal qualities that make 
a good knowledge broker are important.   
Following the model of Helms et al [31] the first two questions of the survey were intended to 
construct two different knowledge networks for the group in question, known as Push and Pull 
networks.  A Push network represents teaching of one (or more) people by others.  This might for 
example include taught courses, lectures, mentoring or on-the-job training.  Participants named the 
people they learn from in their job and rated the connection on a scale from 1 to 8 according to how 
active the learning is.  Participants were encouraged to include persons from outside their 
organisation or research group.  The scale of Helms et al is used, reproduced in Figure 3.1.  At the 
most passive end, 1, is listening to a lecture or seminar, whereas the most active learning, rated 8, is 
guided experimentation.  This rating is recorded as the strength of the connection, i.e. the weight of 
the edge between the two nodes of learner and teacher.  It is thought that a person is more likely to 
retain knowledge from an active learning experience [31]. 
 
Figure 3.1: Passive to active scale of learning.  Reproduced from [31]. 
 
Figure.3.2: Example of a push network, from second pilot study.  For simplicity, only participants are shown.   
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An example of a push network is shown in Figure.3.2.  The nodes are scaled by a measurement of 
their Authority, as described below.  The arrows point from the participants to those they have 
indicated are sources of knowledge.   
A pull network is slightly different.  Here the participants name the people they go to with questions, 
and the strength of the connection is determined by how frequently each named person is 
questioned, with 1 being yearly and 8 every few hours.   
 
Figure 3.3: A network diagram with key people who link subgroups highlighted.  Taken from the second pilot 
study (pull network).  For simplicity, only participants are shown.   
In the example shown in Figure 3.3 for the same group as the push network, the pull network is 
different.  Each person is represented as a node in the network.  The edges connecting them are 
weighted, according to the connection rating from 1 to 8 as listed above.  The edges are directional, 
with the arrows going from the survey participant to those they name- i.e. from the questioner to 
those they ask, or from the learner to those they learn from.   
With reference to Figure 3.3, the three key figures linking the teams within the group are 
immediately apparent.  Person PH17 is the group manager, who also leads the pink team- but has no 
direct links to questionnaire participants in the orange team.  Person PH10 is the link between the 
orange team and the green, and person PZ02 is the only participant to directly link all three teams.  
At the time this was presented to the group manager, person PZ02 had given notice to leave the 
company.  The manager expressed great concern when shown this, as they were previously unaware 
of the key knowledge broker role played by PZ02.  Persons denoted PZ rather than PH did not 
participate in the later study along with others at the Research Institute- and PZ02 did leave as 




3.2.5.1 Network Diagram construction 
The network diagrams shown were constructed using Gephi [192].  The layouts were generated 
using the Force Atlas tool, which models each node as repelling all others, then adds an attractive 
force between connected nodes, proportional to the edge weight.  There are many statistical 
measures which can be performed on such networks.  Two methods initially developed for web 
search are compared here for utility in describing networks of people. 
Authority and Hubs 
While a simple visual inspection of a knowledge network is often sufficient to identify points of 
interest and of concern, it can also be useful to employ statistical tools.  It is not possible to compare 
the organisations directly using metrics for network size or density, as in many cases the number of 
participants in a group is too small for this to be valid, or to be representative of their organisation 
as a whole.  However, the Authority of each node in a network, from the data we have, can be a 
valuable statistic. Authority is calculated using an iterative algorithm (Hyperlink-Induced Topic 
Search, or HITS), based on a process originally designed to rank web pages returned when searching 
for a specific term using the hyperlinks which lead to them [195], [197].   The process is as follows: 
1) Set all initial Hub values to 1 
2) Update Authority.  Each Authority value is the sum of Hub values of the nodes pointing to it. 
3) Update Hub.  Each Hub value is the sum of Authority values of the nodes it points to.   
4) Normalise Hub and Authority values.  Divide each Hub value by the square root of the sum 
of the squares of all Hub values in the network.  Divide each Authority value by the square 
root of the sum of the squares of all Authority values in the network.   
5) GOTO 2) 
This iterative process results in converged Hub and Authority values for each node (person).  
 
Figure 3.4: Illustration of calculation of Authority, ap, and Hub, hp, for page p, reproduced from [195] 
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A node which is linked to by a large number of highly ranked ‘Hub’ nodes has a high Authority 
measurement.  Linking to a large number of high Authority nodes defines a highly ranked Hub- it 
indicates the value of the links from the node rather than the node’s own authority.    
In this context, a person of high Authority can be considered a good source of knowledge in the 
network, and a person of high Hub ranking learns from many people.  It should be noted that this 
method does not account for edge weighting, only for number of nodes. 
PageRank 
This method, famous as the basis of the Google search engine [194], is based on the concept that 
the value of a node is determined by the values of the nodes that link to it.  A node with many links 
pointing to it may have a high rank, but a node with a single link from a very highly ranked node will 
also have a high rank.   
 
Figure 3.5: Illustration of a simplified PageRank calculation, reproduced from [194] 
The algorithm ranks web pages based on incoming links to each page in an iterative process.  Each 
page’s rank is determined by the sum of the links pointing to it, and this rank is then split evenly 
between the links from that page to other pages, contributing to their ranks.   
However, some pages do not have any onward links, or link only to other pages within a closed loop.  
This can lead to a Rank Sink, where a page has an incoming link from the wider web, but its only 




Figure 3.6: Illustration of a Rank Sink, reproduced from[194] 
To allow for this, PageRank included a damping factor, usually 0.85, representing the probability of a 
person following a link on a page rather than randomly jumping to a non-linked page (i.e. probability 
0.15 of jumping away), as in reality one would not follow such a loop indefinitely [194]. Unlike HITS, 
the Gephi implementation of PageRank can take account of the weights of the links [195]- so for 
these networks, the passive-active rating of the learning or frequency of questioning.   
3.2.5.2 Limitations of this approach 
The networks thus generated are not without flaws.  The larger the proportion of the group who 
participate, the closer the result will be to reality.  Where participation rates are low, the networks 
may not be representative of the companies.   
Non-participants named by the participants are included, and in some cases key team members who 
were absent during the study can be identified this way, but of course the data does not include 
outgoing links from non-participants.  In some cases participants have identified a source of 
knowledge by something other than a name- e.g. ‘Team Leader’ or ‘Finance Department’.  Without 
knowing who the Team Leader in question is, or whether two people have the same Team Leader, 
these are of limited value so are not included.  Finally, it is important to note that while guidance is 
provided, subjectivity remains.  Some people will name a large number of knowledge sources, others 
very few.  Whether this is a representation of reality, or simply that some people are more likely to 
remember a large number of learning instances than others, cannot easily be determined.   
In using the HITS and PageRank metrics, it is important to bear in mind that humans are not web 
pages.  One might reasonably choose to link to a website based on the content, the reputation of 
the author or institution, or even ease of use.  One might equally choose which colleague to 
question based on their knowledge, reputation or skill at explanation- but in a social situation, 
unrelated factors such as allegiance to a football team could be much more important than that.  
Some interesting cases will be highlighted.    
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3.3 Key Findings: Knowledge Networks 
3.3.1 Case Study: Authority measurements in Company 8 
At Company 8, the majority of employees participated in the study.  Company 8 has a dense, well 
linked network, which looks similar in pull and push (Figure 3.7).  Sizing nodes by Authority a few key 
persons stand out.  PN05, PN06 and PN10, highlighted in green, are senior figures at the company.  
Comparing push and pull networks, we can see that person PN11 (highlighted in yellow) has high 
Authority in the pull network, but less in the push network.  It may be that this person is better 
suited to answering questions than teaching- or that they are under-utilised in teaching others.  
Other high authority people go to PN11 with questions but do not formally learn from them.   
Sizing by Hubs rather than Authority, we can see the people who, while not a key Authority 
themselves, are well placed to share knowledge within the company.  For example, person PN03 has 
a relatively low Authority score in both networks but a large Hub score.  This person may not be an 
expert themselves, but knows who to ask.  Hub scores are more evenly spread throughout the 
participants, indicating that most employees have similarly good access to authoritative sources of 
knowledge.  Non-participants, who only receive links, will always have a Hub score of zero.   
This network is robust- if a single person were to leave, while the company might well miss them, it 
would not cause anyone else to be isolated, so would not disrupt the flow of communication- and 
hence knowledge- within the company.  This also allows for good succession planning, ensuring that 
any person who is planning to leave transfers as much knowledge as is possible to others at the 
company before they go.  However, many people formally learn (push network) from each expert.  
This can create bottlenecks [31] if the experts’ time is limited.   
3.3.1.1 Comparing HITS and Pagerank 
PageRank’s damping factor for random jumping is useful in modelling web surfing but may be less so 
here- the networks are drawn directly from people listing who they learn from and go to with 
questions.  Setting the damping factor to 1 removes this complication and did not make a noticeable 
difference to the network beyond making minimum size nodes slightly larger.  The two algorithms 
give notably different results when Authority is compared with weighted PageRank (Figure 3.7).  The 
weighted PageRank’s inclusion of edge weight should give a more realistic result as it reflects the 
viscosity of knowledge transfer reported by the participants.  It appears to under-rate non-
participants, such as person NN01, highlighted in blue.  The sum of the weights of the incoming links 
to NN01 in the pull network is 61 (data available in electronic appendix), which compares reasonably 
with 57 for PN04 or 55 or PN06 (PN05 has the highest with 107).  NN01 appears a similar size to 




Figure 3.7: Push and pull networks for Company 8, with nodes sized by Authority, Hubs and Weighted 
PageRank (no damping).  Nodes highlighted in green represent known senior figures at the company.  Person 






3.3.2 Links between participating organisations 
Where the same person is named by more than one group, they form a link between the groups.  A 
combined pull network is shown in Figure 3.8.  Note that Company 8 looks different here as the 
graph is not centred on them.  The large blue and green network at top left is a combination of the 
Research Institute (blue) and Academic group 1 (green), which are strongly interlinked, but of the 
companies, only Company 7 asks questions of Academic group 1. Academic group 2 (yellow) is 
strongly linked to Company 2 (orange), a spin-off of theirs, but no other company.   
 





Figure 3.9: Push network for all participants.    Nodes sized by PageRank with no damping. 
Figure 3.9 shows the combined push network.  Here there is no link between Academic group 1 
(green) and Company 5 (soft pink), but there is a link between Academic group 1 (green) and 
Company 7 (lilac), via an EngD student- who notably does not form a link in the pull network, so does 
not ask questions of their academic supervisor.  
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Perhaps disappointingly, individuals from the Research Institution and Academic Groups are not 
named as sources of knowledge by all participating Companies.  The author could be considered a 
link between the two academic groups, but this is not shown as I did not participate in the surveys. 
For both Figure 3.8 and Figure 3.9, the layout of the diagram is determined by the Gephi ‘Force Atlas 
2’ algorithm [219].  This balances an attractive ‘force’ between connected nodes with a repulsive 
‘force’ between all nodes and a central ‘gravity’ towards the centre of the diagram.  Nodes are 
initially positioned in a random manner, then the ‘forces’ are applied, usually resulting in an 
equilibrium situation.  Company 8 is no less connected to the research institution than company 1, 
as both have 0 connections to any external organisation- but company 1 appears internally more 
spread out than company 8 as company 8 has more, and stronger, internal connections between 
nodes. 
3.3.2.1 Communities and knowledge transfer between organisations 
Communities, also referred to as cliques, are groups of more densely connected nodes with sparser 
connections between them.  There are a variety of methods for partitioning the network into 
communities, with the quality of the partitions measured by a value called modularity, which 
measures the density of links inside the groups compared to links between them.  The algorithm 
used in Gephi [198] is designed to quickly find high modularity partitions in a network, with the 
resulting communities referred to as modularity classes.   
Figure 3.10 shows an example, the pull network from the second pilot study.  The three teams 
making up this research group are differentiated clearly.   
 
Figure 3.10: Pull network from the second pilot study coloured by modularity class, with nodes sized by 
PageRank with no damping.  Only participants are shown.   
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Academic group 2 links to Company 2 
The Canadian companies are all signed up to a research network run by Academic Group 2- and were 
contacted through that network- but links are only seen with Company 2, which is an on-campus 
spinoff from that group.   
When all organisations are analysed together, Academic group 2 and Company 2 are assigned to the 
same modularity class by the Gephi algorithm [198] indicating that they are so closely interlinked as 
to form one community.  This can be seen in Figure 3.11 and Figure 3.12. Staff at Company 2 have 
notably higher weighted PageRank ratings than those at Academic group 2. 
The  strong links between Academic group 2 and its spin-off, Company 2, are considered sufficient 
for exchanging “deep smarts” [220].  The combined group forms a robust network but remains more 
clearly separated than the Research Institution-Academic Group 1 set in the UK.  Most of the links 
between Academic Group 2 and Company 2 pass through a small number of people at Company 2, 
which might result in a severing of ties if these key people were to move on or retire unless efforts 
are made to avoid this. 
Academic group 1 and Research Institution links to companies.   
A more complicated interlinking can be seen between Academic group 1 and the Research 
Institution in the UK.  Indeed, it is difficult to see a boundary between the two organisations and the 
sub-groups which comprise them.  From the networks coloured by modularity class, we can see that 
in many cases the detected cliques do not line up perfectly with membership of a particular team in 
the research organisation or the universities which make up the academic group.  While links 
between University a and the Research Institution are very much to be expected, there are strong 
links with most of the universities.  However, two people from this Academic Group are entirely 
separated from the others in the pull network  
The UK companies were contacted through the Research Institution, Academic Group 1 and an 
external body, Composites UK.  The Research Institution and Company 7 host EngD students who are 
members of Academic Group 1, some of whom provide links between these organisations.  One 
person from Company 9 named the Research Institution n (but not a specific person) as a source of 
knowledge.  Company 5 also has a link to Academic group 1- through a PhD graduate.    Company 7 
hosts an EngD student, who links to their academic supervisor on the push network only.   
It is worth noting at this point that, were this exercise to be carried out regularly with a 
representative sample of composites organisations it could be used to investigate the success of 
programmes intended to increase links between academia and industry.   
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Teams within Research Institution and Academic Group 1 
The survey was carried out separately- though within a short time period- with each capability team 
within the research institution.  For reasons of practicality, only capability teams- those with 
technical roles- were included.  This includes researchers and operators in a variety of areas, and 
team leaders and managers.  Teams often collaborate on projects.  We can see that the C and B 
teams are quite well defined, but the A and D team members are more spread out through the 
research institution-academic 1 network.   
When sorted by modularity class (cliques) along with the other organisations in the study individuals 
do not always line up with their teams.  Cliques include people from both academic group 1 and the 
research institution, though these are different in the push and pull networks.  Broadly, this 
demonstrates strong links between this academic group and the research institution, which 
contrasts markedly with the almost total lack of links to the UK companies in this study.   
Lack of knowledge transfer links between composites SMEs and academia 
The combination of the Research Institution and Academic Group 1 forms a more integrated 
network than is often seen within single organisations distributed over multiple sites [191], [220]–
[222].  One element of Academic Group 1 is located in the same city as the Research Institution, but 
others are not.   
By contrast the almost total lack of links between this combined group and the other organisations 
suggest that no knowledge transfer is taking place between academia and these UK SMEs in the 
composites industry.  A similar picture exists in Canada, where three of the four Canadian companies 
have no link to Academic group 2, the only exception being a spin-out based on campus.  There are 
also no knowledge transfer links in either push or pull between the UK and Canadian academic 
groups, though staff from the two are known to communicate.   
It should be noted that the companies invited to participate in this study were all recommended by 
members of staff at the two academic groups and the research institution- in most cases by persons 
whose job responsibilities specifically included connections to SMEs.  It is therefore likely that these 
represent the SMEs with the closest links to the academic groups and research institution, making 
the lack of connections all the more notable.   
In some studies knowledge networks of multiple organisations are constructed using proxies [199]–
[202] such as lists of partners on a website.  Had this been used here, the SMEs would have been 
considered connected to the institutions which recommended them, suggesting that proxy 
measures such as this may not be representative of knowledge transfer at the employee level.   
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As these employees are knowledge workers, if they do not learn from the link between companies it 
is questionable whether useful knowledge transfer occurs, though there may of course be other 
benefits to such links.   
As discussed in the literature review, in other industries [203]–[206] many links can be found 
between academic/research institutions and SMEs, contrasting to the distinct lack shown here.  
These links were found by interviewing representatives of the companies, so may be more 
representative of reality than the proxy measures discussed above, though in most cases the 
interviewees were CEOs rather than employees.  In an SME the CEO may be sufficiently aware of 
knowledge transfer at the employee level and may carry out other jobs themselves in addition to 
leading the company, which would be difficult in larger companies, but this cannot be stated with 
certainty.   
McDermott et al [206] research involved talking to employees (enologists and agronomists) 
alongside executives so may be more reasonably compared to the results found here for composites 
SMEs, though the knowledge transfer links are shown at the organisation level only, not the 
individual.  Again, links between companies and “government support institutions” with a research 
remit are seen, and the region which had invested in a large number of such support institutions 
showed significantly more connections than the region which had not.   
The method used in this thesis is different, as each node is not an organisation but a person, with 
the intention of illustrating knowledge transfer at the individual level. Participants were specifically 
asked to consider people outside their own organisations as well as within when identifying those 
they learn from.   Asking knowledge workers who carry out engineering tasks on a day to day basis 
to identify their sources of knowledge gives an indication of whether or not purported links between 
organisations facilitates knowledge transfer at the team and personal level.   
This method is commonly used within individual organisations with multiple sites or working groups 
[191], [220]–[222].  In these cases, push network links with a viscosity of less than 5 were considered 
inadequate for “deep smarts” knowledge transfer [220] and having only three or four knowledge 
transfer links between geographically separate groups was considered problematic [191].  A 
complete lack of links between the engineers at an academic group or research institution and those 
at an SME which is recommended by persons whose jobs involve knowledge transfer to such 
companies is therefore of concern.  For avoidance of doubt: this work should not be used to infer 
anything about connections between the academic groups, research institution and larger 
companies in the composites industry.  Some larger companies have staff permanently on-site at the 





Figure 3.11: Pull network of all organisations by modularity class (clique).  Note that academic group 2 and 
company 2 register as a single clique and that the groups within the research institution and academic group 1 
do not line up with the capability teams in the RI or the universities within the academic group, with academics 





Figure 3.12: Push network of all organisations by modularity class (clique).  Again academic group 2 and 
company 2 register as a single clique.  Here the groups within the research institution and academic group 1 




3.3.3 Case study:  Before And After- Pilot study team 
The pilot study results show networks with a clear split into teams, very dependent on a few key 
linking people- one of whom, PZ02, had just handed in their notice.  
 
Figure 3.13: Pilot group push network, coloured by modularity class and node size by pagerank with no 
damping.  Non-participants labelled in red.   
 
Figure 3.14: Pilot group pull network, coloured by modularity class and node size by pagerank with no 
damping.  Non-participants labelled in red.   
The group manager- PH17- was extremely concerned by this situation, and by the lack of direct link 
between himself and the orange team.  Relying on a small number of people means that if any one 
person leaves, the rest of their team could be isolated.  This also illustrates the importance of 
succession planning- if PZ02 is leaving, it is important not only that as much of their knowledge is 
retained as possible- through codifying in documents and through teaching others- but also that the 




Figure 3.15: Same team during final study, push network.  Coloured by modularity class from the pilot study, 
with those who were not in the pilot study in blue.  Nodes sized by weighted pagerank with no damping.  Non-
participants are labelled in red.   
 
Figure 3.16: Same team during the final study, push network.  Coloured by modularity class from this round.  





Figure 3.17: Same team during final study, pull network.  Coloured by modularity class from the pilot study, 
with those who were not in the pilot study in blue.  Nodes sized by weighted pagerank with no damping.  Non-
participants are labelled in red.   
 
Figure 3.18: Same team during the final study, pull network.  Coloured by modularity class from this round.  




In the final study at the research institution, this group is barely recognisable as the same as the pilot 
study.  Not only are there more members- no surprise in a growing organisation- but the networks 
are now more robust.  Comparing the modularity classes from the pilot study with the final study, 
the original teams have grown and in some cases split, and individuals have moved.  Most 
importantly though, there are now multiple links both between and within each team.   
While some individuals are still clearly important, there is no single individual who, if removed, 
would split the network.  Individual development can also be seen- persons PH09 and PH10 in 
particular are now ranked far more highly, indicating that they are now transferring knowledge well.  
New person PH11 is central to the red team, whose members are highly rated in the pull network.  
The red team has only two links to the rest of the group in the push network (teaching), through a 
non-participant who teaches many people (a possible bottleneck) and participant PH06, who learns 
from many.  The other teams are very closely interlinked in both networks.  This result is comparable 
to that achieved in an expert consulting group by Cross et al [191], where a group which had 
unintentionally coalesced into two distinct teams discussed their network diagram and made an 
effort to become more integrated, resulting in a more robust structure nine months later.   
This group has also developed stronger links to the Academic 1 organisation, whose members are 
represented by -A--, with person NA03 in particular providing a lot of teaching, not only to the EngD 
students (PA— as they are also Academic 1 members) but also to other group members.   
 
3.4 Competence Matrices 
A competence matrix, also known as a skills matrix, is a common tool for rating employee’s abilities.  
Participants rate themselves from 1 (novice) to 5 (world leading expert) in areas that are important 
for their organisation.  The subject areas are chosen by senior staff in the team, so these are not 
common across the different groups.   
In this study, the method was adjusted slightly, by splitting theory and practical.  This is to allow for 
the reality that a person may rate very highly in one but not in the other- for example, a professor 
may know all there is to know about the theory but have very little time to spend hands-on.   
Conversely, the best person to create new equipment or fix what is there may not have studied all 
the detailed science describing the chemical reactions which take place in the process the 
equipment is for. Guidance on the levels was given as follows: 
It is split into theory and practical, to allow for the possibility that some of the best practical 
experimenters may not have studied the theory in depth, whereas a leading Professor would 
113 
 
certainly be a level 5 in theory but might not be up to date with the latest practical tools and 
techniques.   
For simulation, the split is as follows: 
Theory- background understanding, mathematics and theory of techniques e.g. finite element 
analysis, fluid dynamics. Practical- getting useful output from commercial program or writing 




No experience or knowledge of this at all. 
1: Novice I have heard of this but only just started working on it.   
2: Capable Solid understanding of the basics/I do the work reliably and confidently 
3: Advanced Detailed understanding/practical work on non-standard setups 
4: Expert Can answer almost any question/can make new methods, tools or experiments 
5: World Class World leading expert.   Wrote the book/designed and built the machine.   
Table 3.1: Self rating levels in questionnaire 
Addition of colour coding allows a simple, visual, instant form of gap analysis- seeing straight away if 
there is an area where they do not have the expertise they need.  It also shows clearly who rates 
themselves most highly in different areas.    
 
Figure 3.19: extract from a competence matrix using the theory/practical split.  Each column represents a 
person.  Staff rate themselves from 0 to 5, with 5 being a world class expert.   
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Adding the results from the knowledge network analysis as a point of comparison can help to 
counter this- if someone is modest but rated very highly as a source of knowledge by their 
colleagues, this can easily be seen.  Conversely, someone who rates themselves very highly may be 
over-optimistic about their own level- or may not be well suited to communication with others. 
Personality is important- a person may be highly expert but rated lower by their colleagues if they 
are not easy to approach or someone else is a better communicator.   
It is commonly held [29] that a person learning a new skill proceeds from novice, through 
competent, to expert, to being able to teach others.  This neglects that teaching is itself a skill, and 
personality can be as important as ability when a person chooses to whom they should pose their 
questions.   
 
Figure 3.20: The same extract with the addition of results from the knowledge network analysis, showing both 
the number (yellow) and sum of ratings (red) of connections from others in the team.   
For each participant, the self-rated competence matrix is compared to statistics from the knowledge 
networks.  Simple number of connections and totals of connection weights are shown, though 
Authority and Hub measurements might also be useful if the number of participants is large 
proportion of the total at the organisation.   This novel combination of Knowledge Network Analysis 
with a Competence Matrix can be useful, as in the example below.   
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3.4.1 Case Study:  Working Cultures at Company 6 
It was noted in the interview with Company 6 representatives that two teams within their 
workforce- Laminators and Fitters- appear to have very different working cultures.  The Knowledge 
Networks can be used to investigate whether this affects their knowledge transfer.  Members of 
both teams, along with some more senior staff, participated in the survey.  They did not identify 
which team they belong to; however, we can reasonably estimate this from the competence matrix.   
 
Figure 3.21: The anonymised Competence Matrix for Company 6.   
PL01 PL02 PL03 PL04 PL05 PL06 PL07 PL08 PL09 PL10 PL11 PL12
Bagging a Component for Autoclave CureTheory 3 3 1 3 4 4 1 1 2
Practical 1 2 1 4 4 4 0 0 0
Basic Laying Up TechniquesTheory 3 3 1 3 5 4 1 1 3
Practical 2 2 1 3 5 4 0 0 0
Filling Out Areas With BootlaceTheory 3 3 1 3 5 4 1 1 3
Practical 2 2 1 3 5 4 0 0 0
Laminating a 1-8-1 Carbon MouldTheory 3 3 1 4 5 4 1 0 2
Practical 2 2 1 4 5 4 0 0 0
Sealing and Releasing Mould ToolsTheory 3 3 2 3 4 4 1 1 2
Practical 2 3 2 4 4 4 0 0 0
Sealing and Releasing PatternsTheory 3 3 2 3 4 4 1 1 2
Practical 2 3 2 4 4 4 0 0 0
De-Bulking Theory 3 3 2 4 5 4 0 1 3
Practical 2 3 2 4 5 4 0 0 0
Kit Cutter Theory 3 2 0 4 1 4 0 1 0
Practical 0 1 0 4 1 3 0 0 0
Drop/Leak Testting Theory 3 3 2 3 5 4 0 1 0
Practical 2 2 2 4 5 4 0 0 0
Peel-Ply Theory 3 3 1 2 4 4 0 1 2
Practical 2 2 1 3 4 4 0 0 0
Using Plymatch Theory 1 1 1 2 4 0 0 2 0
Practical 0 1 1 3 4 0 0 2 0
Wrapping Inserts Theory 3 3 0 2 5 4 0 0 0










it Visual Quality Corrective ActionTheory 3 3 2 5 4 3 3 3
Practical 1 3 2 5 4 4 3 3 2
Storing Materials Used in Component ManufactureThe ry 3 3 1 2 3 4 1 0 0
Practical 1 3 1 2 3 4 0 0 0
Storage Requirements for Equipment and ToolingTheory 3 3 2 2 3 4 1 0 0








s Machine Maintenance Theory 2 3 0 1 4 2 0 0 0
Practical 1 1 0 2 4 2 0 0 0
Al
l Approvals document Theory 3 4 2 2 3 4 3 2 3 2
Practical 2 4 2 2 3 4 3 2 3 0
Demoulding a ComponentTheory 3 3 3 2 3 4 2 4 4 4 4 3
Practical 2 2 3 3 3 4 3 4 4 4 4 3
Pattern Work Theory 3 3 2 1 2 0 2 2 3 2 3 2
Practical 1 2 2 1 2 0 2 2 3 2 3 1
Blocking-Up Theory 3 3 3 1 2 2 3 3 4 4 4 3
Practical 2 2 3 1 2 2 3 3 4 4 4 3
Filling Cavities Using AFP7Theory 2 3 2 1 2 1 3 4 3 4 4 3
Practical 1 2 2 1 2 1 3 4 3 4 4 3
Use of Machinery in FittingTheory 3 2 2 3 3 2 2 4 4 2 3
Practical 2 2 2 3 3 2 2 4 4 2 2
Bonding Theory 3 2 3 2 3 0 3 4 4 4 4 3
Practical 2 2 3 2 3 0 3 4 4 4 4 2
Drilling Theory 3 3 3 3 3 2 3 4 4 4 4 2
Practical 2 2 3 3 3 2 3 4 4 4 4 2
Melt-Out Theory 3 2 4 1 2 0 2 2 3 3 4 2
Practical 2 2 4 1 2 0 3 2 3 3 4 2
Trimming Components Theory 3 3 3 1 3 0 3 4 4 4 4 3
Practical 2 3 3 2 3 0 3 4 4 4 4 3
Wet LayUp Repair Theory 3 3 1 0 3 2 2 4 3 2 4 3
Practical 1 2 1 0 3 2 2 4 3 2 4 2
Polishing Theory 3 3 3 2 4 2 3 4 3 3 4 2
Practical 2 3 3 2 4 2 3 4 3 3 4 2
Machine Maintenance Theory 3 2 1 1 4 0 2 1 3 2 1 1
Practical 1 1 1 2 4 0 2 1 3 2 0 1
Mould Surface Work Theory 3 3 2 1 4 2 2 3 4 3 4 2










Detecting and Preventing Foreign Object DebrisThe y 3 3 1 1 4 2 4 4 2
Practical 2 3 1 0 4 2 4 4 1
Non-Conformance Report FormThe ry 3 3 0 0 2 0 2 2 2
Practical 3 3 0 0 2 0 2 2 2
Route Card Completion GuideTheory 3 4 2 0 4 4 3 0 2
Practical 3 4 2 0 4 4 3 0 2
Stamp Control Theory 3 3 0 1 4 2 2 4 2
Practical 2 3 0 0 4 2 2 4 1
Split Batch Control for Stock ItemsTheory 3 2 0 0 3 0 2 0 0
Practical 2 2 0 0 3 0 2 0 0
KNA totals Push 7 0 0 0 0 0 0 20 8 0 15 0
Pull 5 0 0 0 0 0 0 23 4 0 6 7
KNA connections Push 1 0 0 0 0 0 0 3 1 0 2 0








The value of the split between theoretical and practical knowledge can be seen from person PL01.  
This person consistently rates themselves higher at theory than practical work.   
One can also see the split between laminators and fitters.  Laminators consider themselves to have 
some competence in Fitting skills, but Fitters seem more specialised, with few competencies outside 
the Fitting skills listed for them.   
With the addition of data from the Knowledge Networks - the number and total value of connections 
to each person- showing whether their colleagues consider them sources of knowledge- we can also 
see key figures emerging.  Many of the fitting team rate their skills similarly, but person PL08 is the 
most popular source of knowledge in both push and pull terms.  Conversely, person PL05, a 
laminator, considers themselves a world leading expert in a number of areas, yet none of their 
colleagues state that they learn from this person or go to them with questions  
For a clearer illustration of the knowledge flows within the company we can use the network 
diagrams.  Colouring nodes according to self-rating of key skills shows the two groups.   
The pull network, showing who asks questions of whom, gives a better indicator of workplace 
culture than the push network of formal learning, as this may be imposed from above.  In this 
instance the two were very similar, but only the pull network is shown for reasons of space. As not 
all employees participated- the highest ranked people are non-participants- this cannot be 
considered a full picture, but the contrast between laminators and fitters is nevertheless notable.   
Those who rate themselves highly for a fitting skill are displayed as well connected nodes, near the 
top of the diagram, whereas those who rate themselves highly for a laminating skill are displayed as 
small and poorly- or non- connected nodes.  This indicates that the fitting team ask questions of 
their expert colleagues far more than the laminating team.  We can reasonably surmise that the 
fitters have a more robust, interlinked network than the laminators, some of whom seem isolated.  .  
Those who rate their own expertise highly for laminating skills- persons PL04, PL05 and PL06- have 
no connections at all, so are unlikely to be passing their knowledge on to their less expert colleagues.  
Person PL01 transfers knowledge at high viscosity to person PL02, but PL02 self-rates their expertise 
higher than PL01 in many areas, suggesting that either the former is overconfident or the latter is 
being modest.   
The links between the fitters allow them to learn as a team [179].  However, they are only linked to 
the laminators via person NL05, a member of the management team who did not participate in the 
study.  Knowledge held by the fitting team and by the laminators may therefore remain siloed, as 
unless the manager in question makes a dedicated effort to encourage communication between the 
two groups they will have difficulty learning from each other.   
117 
 
The two areas of work are connected, as they manufacture the same part.  For example, the layup 
process used by the laminators may affect the options available to the fitters [26] .  If knowledge 
were shared, the two teams- and the wider organisation- could learn from each other and improve 
their manufacturing processes and possibly their products.  Sadly, learning horizons  [179] restricting 
the sharing of lessons between teams- or even between individuals- make it difficult for any 
individual to see the big picture.   
   
Figure 3.22 (left): Company 6 pull network coloured by self-rated competence at a key Laminating skill 
(laminating a 1-8-1 carbon mould, practical component).  Darker purple is higher rated, white is zero.  Non-
participants are in red. Nodes sized by weighted PageRank with no damping. 
Figure 3.23 (right): Company 6 pull network coloured by self-rated competence at a key Fitting skill (drilling, 
practical component).  Darker blue is higher rated, cream is lower rated. Non-participants are in red.   Nodes 
sized by weighted PageRank with no damping.   
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3.5 Aggregate results of opinion-based questions 
Results from the anonymous, opinion-based questions from all 230 participants have been collated 
and are available in the electronic appendix. 
3.5.1 Organisation categories 
This study focuses on comparing the different types of organisation, split as follows: 
Academic:  Academic 1 and Academic 2, a total of 53 participants.   
RI:  The four capability groups which comprise the Research Institution, 73 participants.   
SME: Company 2, Company 3, Company 4, Company 6 and Company 8 are SMEs.  Company 5 and 
Company 7 are owned by holding companies but operate mostly independently, so are also included 
in this category.  80 participants.   
Large:  Company 1 is larger than an SME, Company 9 is a multinational organisation, of which only 
the advanced composites group at one location participated.  24 participants.   
Grouping the organisations in this manner makes it a little less likely that the results will be 
overwhelmingly influenced by the working culture of a particular company or university, with the 
exception of the research organisation- which, sitting between academia and industry, must be 
categorised separately.  It should be noted that the RI’s four capability teams have some different 
practices, but exist within the same building and overall structure.  Again with the exception of the 
Research Institution (UK only), all categories contain organisations from both the UK and Canada.   
 
Figure 3.24: Number of participants in each category from Canada and the UK.   
Approximately 75% of participants were based in the UK, with 25% in Canada (British Columbia).   
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3.5.2 Participant demographics 
Participants were asked to state their age (to the nearest decade) and job type.  This question was 
optional and some declined.  Demographics differ by organisation type as shown.   
 
Figure 3.25: Participant ages by organisation type 
The number of participants aged below 30 decreases from left to right.  There are many academics 
aged over 60, but none chose to participate in this study.  SMEs are willing to employ a small 
number of people aged significantly above the usual retirement age.  Conversations with staff at 
these companies suggest that these very experienced persons are considered extremely valuable 
both to the company and to their colleagues.  
 
Figure 3.26: Participant job types by organisation type.  Job types were selected on a Venn diagram showing 
Computer, Hands-on, Meetings and intersections between each and all three.   
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3.5.3 Current State of Knowledge Transfer 
3.5.3.1 Opinions on knowledge management in the organisations 
Participants were asked to rate their agreement, from 1 (disagree) to 5 (agree), with four statements 
describing knowledge transfer related issues.  The results, where darker shade of colour is a larger 
proportion of people, are shown below.  Results are normalised by the number of people in each 
organisation type and presented as percentages, rounded to 2 significant figures.   
 
        1               2  3 4 5 
I know where to go when I need help      
Academic 1.9% 1.9% 15% 45% 30% 
RI 1.4% 8.2% 32% 37% 21% 
SME 0% 2.5% 16% 38% 43% 
Large 0% 4.2% 13% 58% 25% 
All participants 0.87% 4.4% 20% 41% 31% 
I know who the experts in the topics/tools I work 
with are      
Academic 1.9% 1.9% 15% 38% 36% 
RI 0% 14% 32% 37% 16% 
SME 1.3% 0% 3.8% 41% 53% 
Large 0% 4.2% 13% 50% 33% 
All participants 0.87% 5.2% 16% 40% 35% 
I need to increase my knowledge in order to do my 
job      
Academic 0.% 5.7% 19% 43% 25% 
RI 1.4% 2.7% 34% 30% 29% 
SME 2.5% 15% 19% 35% 28% 
Large 0.% 8.3% 29% 33% 29% 
All participants 1.3% 8.3% 25% 35% 27% 
My organisation's current knowledge management 
practices work well      
Academic 5.7% 23% 36% 17% 9.4% 
RI 18% 23% 37% 14% 5.5% 
SME 6.3% 20% 40% 24% 5.0% 
Large 17% 46% 29% 8.3% 0% 
All participants 11% 24% 38% 17% 5.7% 
Table 3.2: Participant opinions on knowledge related matters at their organisations.  Numbers do not always 




It is notable that only a small fraction of participants in any of the organisations think their current 
practices work well.  There is no clear difference between academia and industry, though the 
research institution is particularly poorly rated for knowing where to go for help or who experts are.   
 
 









3.5.3.2 Tasks during a project 
Participants were given a list of information and knowledge related tasks often carried out during 
projects and asked whether they and their teams carry out these tasks.  Answering yes (y), 
sometimes (s) or no (n), the results are shown below.   
 
Figure 3.28: number of participants who answer yes (green), sometimes (yellow) or no (red) when asked 
whether or not they or their teams carry out the listed tasks.   
The tasks are all clearly useful to projects, and a few interesting trends can be seen.   Perhaps 
unsurprisingly, literature surveys are rare in industry.  In SMEs in particular, more people refer to 
lessons learned on a previous project than record those lessons in the first place- presumably relying 
on their own memories.  In general lessons learned practices appear poor.   
Recording of lessons learned during a project is vital to keeping useful information in a business- 
however, this is only of use if those lessons are referred to in subsequent projects.  Without a 
process to encourage those working on the next large equipment project to refer to them- or indeed 
building key lessons into business processes more generally- staff on the next project might also find 
themselves in conflict with the supplier over whether or not they are contractually obliged to deliver 
something that fits into the room stated on the documents and measured on their site survey, or 
whether or not they can charge extra for a cooling system that does not break the law.   
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3.5.3.3 Current knowledge transfer practices 
Participants were asked to rate their organisation’s current practices from 1 (useless) to 5 (very 
useful).  As practices differ significantly between organisations- and in the case of the research 
institution, between teams within the organisation- making a general comparison is difficult.  There 
are only four categories which were common to all the organisations in the study.   
 
Figure 3.29: Percentage of participants in each organisation type who consider the listed knowledge transfer 
methods useful 
It is notable that all four of these categories relate to interpersonal learning.  Both meetings and on 
the job learning are considered more useful in industry and in the research institution than in 
academia.  Taught courses are notably less popular in industry, both in SMEs and larger companies, 
though still rated reasonably highly, as almost half of participants in these organisation types 
consider them useful.  Casual discussion, often over a cup of tea, is relatively popular in all 
organisation types, but more so with academics and RI staff. 
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3.5.4 Preferences for learning 
Participants were asked ‘where do you go first?’ when searching for the answer to a specific 
question or fault, and when searching for general understanding of a topic.  They ranked the 
options, beginning with 1 as their first choice.  Their top three choices were collated to form Figure 
3.30 and Figure 3.31.    
 
Figure 3.30: Percentage of participants who ranked these options in their top 3 choices when asked ‘where do 





Figure 3.31: Percentage of participants who ranked these options in their top 3 choices when asked ‘where do 
you go first for generic information’?   
It is immediately clear that in both cases, web search and interpersonal knowledge transfer within 
the organisation- talking to colleagues or a supervisor- are popular.  Recall the popularity of casual 
discussion and on the job learning in the previous section.  Perhaps unsurprisingly, academic papers 
are not popular in either SMEs or Large companies.  Conferences and seminars have value beyond 
direct knowledge transfer and are rarely in the top three choices for anyone when searching for 
knowledge.   
For comparison, the CEOs of German automotive and biotechnology companies questioned by Plum 
and Hassink [203] were asked to rate the importance of different sources of information.  Of the 
biotechnologists, considered a more ‘analytical’ industry by the authors, 95.7% rated academic 
journals as very important or important.  Only 13.8% of automotive CEOs agreed.   
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This is not the same as asking those who carry out research related tasks on a day to day basis, but 
the difference between the sectors is notable.  As an engineering dominated industry, composites 
companies have more similarity to automotive companies than biotechnology companies- indeed 








These results can be compared to a later question, where participants were asked to give their 
opinions on how useful a variety of knowledge transfer resources might be, from 1 (useless) to 5 
(very useful).  Ratings of 4 or 5 (or in one case, 6) out of 5 were used to make Figure 3.32.   
In the ECCM paper [50] published with preliminary results from the Canadian organisations, UK 
academic group 1 and the pilot group of the research institute, it was notable that far more people 
rated a central store of manuals highly than those who said they currently go to manuals or 
manufacturer’s guides.  The effect is less obvious here- the proportion of people who would go to 
manuals is still similar, but other options (web search, colleagues etc) have dropped in popularity in 
the larger set of results.  ~30% (generic) or 40% (specific) of participants in the full study say manuals 
are in their top 3 choices now, whereas ~60% rate a central store of manuals/how to documentation 
as useful or very useful.   
A smaller proportion of academics rate manuals in their top three choices now, but the number who 
consider a central store of manuals useful is comparable to the other organisation types.   
Despite the popularity of web search and learning from other people, discussion forums- either 
external or internal- are considered less useful than the other options, though an internet based 
knowledge repository or internal wiki are both reasonably popular.  A possible reason is shown in 
Figure 3.33.   
Formal training courses- an interpersonal form of knowledge transfer- are the top choice in all 
organisation types, showing a clear demand for training in all areas of the composites industry.   
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3.5.4.1 Willingness to contribute to a wiki or forum 
 
Figure 3.33: How often would you be willing and have time to contribute to a wiki or forum?  Percentage of 
participants by organisation type.   
A wiki or forum depends on user contributions.  These are therefore only practical options if 
participants are both willing and have time to contribute to them.  As shown in Figure 3.33, very few 
people from any organisation type would be able to do this daily, making the pace of discussion in a 
forum unsuitable for most organisations.  However, with many willing and able to contribute on a 
weekly or monthly basis, a wiki, with user generated content, is a feasible option for all organisation 
types.  Figure 3.34 shows that there is no noticeable correlation with job type, suggesting that those 




Figure 3.34: How often would you be willing and have time to contribute to a wiki or forum?  Raw number of 









A study of knowledge transfer within and between certain companies- focusing on SMEs-, academic 
groups and a research institution in the advanced composites industry has been carried out, using 
investigative techniques from knowledge management, with a view to informing and improving 
knowledge transfer between academia and industry.   
• The study combines well known techniques including opinion based questions, knowledge 
network visualisations – using the push and pull network model of Helms et al- and 
competence matrices.   
• The split between theory and practical in the competence matrices is a modification to the 
usual method.  Addition of number and total weighting of knowledge network connections 
for comparison and presentation with colour coding for instant, visual gap analysis, has not 
been seen previously.  As shown in the Company 6 case study, this form of data presentation 
demonstrates that persons who self-rate their knowledge highly are not always those who 
transfer knowledge well to others in the organisation. 
• The majority of companies had no knowledge transfer links to or from the academic groups 
or research institution, in either push or pull networks, despite being recommended by 
these for participation in the study.  The exception is a spin-off from the Canadian academic 
group.  Two others have very weak links via a single person in one of the two network types.   
• There were no knowledge transfer links between the UK and Canadian academic groups, 
though academics at each are known to communicate with the other.   
• The research institution and academic group 1, which are both in the UK, are thoroughly 
interlinked.  The community detection algorithm splits this network into cliques which 
contain members of both groups rather than distinguishing the two organisations.  Academic 
group 2 and its spin-off, company 2, were assigned to a single clique.   
• The opinion based questions showed no clear correlations with job type or age.   
• The clearest differences in knowledge transfer methods between academia and industry 
relate to literature.  Literature surveys are carried out in the academic groups and research 
institution but are rare in both SMEs and the larger companies.  Similarly, 60% of academics 
considered papers among their top 3 choices when searching for both specific and generic 
information but these were not popular in the companies.  The research institution ranked 
papers more highly for generic than specific information.  Conversely, academics are less 
likely to refer to manuals or manufacturers guides than the other three groups- here the 
research institution is aligned with industry. 
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• Conferences and seminars are not popular choices for answers to specific queries or finding 
generic information, even among academics.  
• All groups showed a strong preference for answering questions by web search.   
• All groups were in favour of interpersonal learning.  Academics were however much less 
likely to talk to “other colleagues” than to their supervisor or team leader, while the 
opposite is true, though by a smaller margin, in the research institution and teams within 
larger companies.  70% of academics found on the job learning useful, whereas this is 85-
95% in the other organisation types.  Academics also found team meetings much less useful 
(40%) than the other groups (55-75%).  Taken together, this suggests that teamwork may be 
less popular or less useful in academia than in industry. 
• Training courses, ‘if they were available’ are considered useful by the largest proportion of 
people in all organisation types.  Existing taught courses are considered less useful by staff in 
companies than those in academia or the research institution.   
• A larger percentage of people in all organisation types consider a central store of 
manuals/how to documentation to be useful than rank manuals or manufacturers guides in 
their top 3 choices for either generic or specific queries, though this is ranked notably higher 
in the latter for all except the academics.   
• The majority of participants would have time and be willing to contribute to a wiki or forum, 
but as few would be able to do this on a daily basis a wiki is likely to be the better option of 
the two.  There is no correlation with job type (computer, hands-on, meetings or 
combinations of the three).   
• The research institution has a notably smaller proportion of persons who know where to go 
when they need help, or know who the experts in the topics/tools they work with are, 
compared to the other three organisation types, indicating a problem with “know-
who”[167].   
• Over half of participants in all organisation types think they need to increase their 
knowledge in order to do their jobs.   
• Very few participants agree with the statement “My organisation’s current knowledge 
management practices work well”.   
Ghaziri and Awad [169] discussed the importance of individual personality in knowledge transfer, 
suggesting that a “moody expert” may not easily communicate their knowledge to others.  The 
results from Company 6 suggest that this could be extended to the working culture in a group, as the 
contrast between the well interlinked fitting team and the isolated experts in the laminating team 
suggests a distinct lack of knowledge transfer in the latter.   
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In addition, there is only one person linking the two teams.  This is a dangerous situation, similar to 
that shown by Cross et al [191] and between teams in the pilot group study, as if this person leaves 
there is no link at all, and knowledge can easily become siloed in each team, forming a knowledge 
horizon and making it difficult to see the bigger picture [179].  To tackle this problem, it may be 
worth considering forming links between the laminators and fitters- for example, if a laminator who 
has laid up a particular part delivers it, once cured, to the responsible fitter and they discuss any 
issues, ideas or complications between them.  This facilitates organisational learning as they may 
find potential improvements, such as adjustments to the layup which could make the fitter’s job 
easier, which could, subject to approval, be tried on the next version of the part.  In addition, by 
linking the less communicative laminators with the more communicative fitters, links between 
laminators may be created through fitters acting as knowledge brokers and perhaps also 
encouraging direct discussion between laminators. Depending on their personalities [169] some or 
all of the more expert laminators could also be given training to help them transfer knowledge to 
others, and/or incentives to do so.  The lone laminator who does teach one other person could also 
be given training and challenges to increase their expertise and encouraged to teach others.   
Company 8, by contrast, has a robust network, meaning that if a single individual leaves the network 
does not split, and the wealth of high viscosity [31] links allow knowledge to be transferred to others 
before they go.  Each expert communicates there knowledge to many others, which may create 
bottlenecks [31] if the expert’s time is limited, so this company should consider setting aside time for 
this and monitoring the situation to ensure no-one becomes overwhelmed, training people to share 
the load or rotating new staff around experts so that each only teaches a small number at any one 
time if necessary.   
It was expected that the combined knowledge networks would show an interconnected group in the 
UK and another in Canada, with a few links between the two academic groups.  This was not the 
case.  The author of this thesis, who did not participate in order to avoid bias, could be considered a 
single link between the two academic groups.  It is known that academics from the groups do 
communicate, but clearly neither one feels they learn, either by push methods or through asking 
questions, from the other.   
The lack of connections between the companies and academic groups and research institution is a 
matter for concern, particularly as connecting academia with industry is part of the remit of the 
research institution.   It must be noted that this relates only to the companies in this study, which 
focuses on SMEs- it is likely that the picture for large companies is very different, especially as some 
have staff permanently on-site at the research institution.   
133 
 
However, SMEs, lacking resources for large research and development departments of their own, 
could benefit greatly from better connections with academia, through the research institution, and 
are more likely to have the flexibility to deploy new innovations quickly, hence the focus here.  The 
research institution has recently begun a new initiative intended to improve links with SMEs.   
Studies of other industries show many links between academia and SMEs, however the majority of 
these construct network diagrams using proxy measures such as lists of collaborators [199]–[202] .  
Using such proxy measures, the companies included here would be linked to the academic 
groups/research institution in their respective countries.  The lack of any knowledge transfer links 
identified by individual employees, despite encouragement to consider persons outside their 
organisation, suggests that these proxy measurements may not be representative of knowledge 
transfer relevant to a learning organisation, where personal mastery- learning by the individual- and 
team learning resulting from those individuals working together and transferring knowledge 
between them are among the vital disciplines [179].  If the individual employees do not identify any 
knowledge transfer resulting from the theoretical connections between organisations, it seems 
learning is not taking place. 
Studies carried out by interviewing CEOs also result in networks with connections between SMEs 
and academic/research institutions in other industries [203]–[205].  McDermott et al’s [206] study of 
the wine industry in two Argentinian provinces is a better comparison, as they interviewed 
knowledge workers at the various institutions, in addition to the usual CEOs and directors.  Here 
many Government Support Institutions (GSIs), have been created to provide research and 
development programmes and training in the wine industry.  All wineries had links to at least one 
GSI, with some GSIs acting as hubs for many wineries.  This is a notable contrast to the result 
obtained with the composites SMEs, research institution and academic group, though it should be 
noted that McDermott et al’s research [206] included a greater number of organisations this study.   
Knowledge network analysis using the method employed here or similar, where individual 
employees identify those they learn from [191], [220]–[222] is commonly used in studies of single 
organisations.  Where those organisations have multiple sites, having only 3-4 knowledge transfer 
links between sites was considered problematic [191]- a complete lack of connections is not seen in 
any of these studies [191], [220]–[222].   
The academic groups- and the research institution in particular, due to its remit- should work 
towards forming knowledge transfer links with these SMEs and others in order to encourage 
technology transfer from academia to industry.   
134 
 
McDermott et al [206] argue that “product upgrading depends on a firm’s being tied not simply to 
any or many organizations and GSIs, but rather to those that act as social and knowledge bridges 
between distinct producer communities and in turn offer firms access to a variety of knowledge 
resources”.  This suggests that academic groups and research institutions should seek to encourage 
knowledge transfer not only between themselves and SMEs but facilitate links between companies 
too. 
The results show that interpersonal knowledge transfer is popular, particularly in industry, and there 
is demand for taught courses.  It would therefore make sense for the research institution to provide 
such courses, targeted at SMEs in particular, in topics relevant to them while demonstrating 
technologies which are under development or ready for industrial use but not well known, 
facilitating both knowledge links and technology transfer.  The equipment and methods 
demonstrated should have manuals and guidance documents. 
It may be beneficial to assign specific individuals within the research institution to talk to particular 
SMEs, so that the company staff can ask questions of a person they are familiar with.  This person 
could visit the SME site to demonstrate potentially useful technologies, perhaps after interest is 
shown following a course.   The research institution has an internal problem with know-who: 
developing a directory of expertise could be useful both for internal staff reference and for 
identifying the best people to talk to a particular company or to deliver training on a particular 
technology.   
Such courses could be taught by research institution or academic staff, and networking both with 
other participants- such as through group exercises- and other staff at the research institution 
should be encouraged. To encourage relevant knowledge transfer, discussions can perhaps take 
place while being shown relevant equipment in the workshop.  Hands-on exercises are to be 
encouraged as this is a higher viscosity form of learning [31].  As SMEs may struggle to free staff 
from their day to day work, such courses should be short and scheduled to fit business needs as far 
as possible (e.g. to coincide with planned down time for maintenance).  Provision of resources for 
reference and which an SME staff member could share with their colleagues would be useful, as it is 
unlikely that all staff would attend such a course.  As web search is a popular choice when searching 
for knowledge and internet based knowledge repositories are considered useful by 50% of SME 
participants, such a knowledge repository, crafted for industrial use and kept up to date by the 




These factors contributed to the trial of a taught course in dielectric cure monitoring, production of 
human-fronted videos- as the closest substitute when a course is not available and as a web based 
resource- and a PowerPoint based clickable knowledge transfer resource, which is discussed in 
Chapter 6.   
Notably, very few participants at any organisation involved in this study think their current 
knowledge management practices work well and recording of lessons learned is generally poor.  This 
demonstrates the need for good knowledge management in the composites industry.  A study of this 
type can be used to find where improvements is needed and which options are likely to fit well with 
working practices.  The change in the pilot group between the first and second runs of the 
questionnaire show how useful the knowledge network visualisations in particular can be in 
facilitating this.  Most managers were unfamiliar with these techniques, and none of the 
organisations carried out studies of this nature regularly.  It may be beneficial to do so, building it 
into a yearly review process and monitoring the effects of any changes introduced.   
The research institution could offer this as a service and combine it into a wider study, as carried out 
here, which would also allow monitoring of the effects of any efforts made to improve knowledge 





4 In-Process XCT Scanning to Track Evolution of Prepreg Features 
During Cure.   
 
4.1 Abstract 
An increased understanding of how features such as voids change during the cure process can 
inform design and manufacturing process choices.  This chapter presents the detailed evolution of a 
prepreg defect throughout the cure process, using a novel method of In-Process Micro-XCT.   
A Nikon XTH-320 industrial CT scanner was equipped to allow heating and curing of a prepreg 
sample under vacuum, for consolidation.    Short scans of approximately 7 minutes were performed 
repeatedly during cure.   
The evolution during cure of voids resulting from two defect types typical of Automated Fibre 
Placement (AFP) processes, representing a tow gap and a ply drop, is presented, using M21 
unidirectional carbon fibre prepreg.  The results are compared to a cure kinetics model for the resin    
In-process micro-CT has the potential to provide far more detailed information on the behaviour of 
composites during cure than has been available prior to today.  This work provides both proof of the 
principle, as an experimental method, and new understanding of defect evolution during cure. 
 
4.2 Introduction 
Composite parts may be designed to exacting standards, with layup guidelines requiring accuracy of 
a fraction of a millimetre.  Achieving this in practise is very difficult.  In some instances the geometry 
makes defects unavoidable. [4]  Understanding how a defect introduced in the initial stages of 
manufacture evolves and changes as the composite is cured may inform design and manufacturing 
choices, particularly with respect to defining tolerances for defects.   
Tracking the evolution of a defect during cure is one way to do this.  While it has previously been 
possible to take XCT scans at different stages of the cure by quenching a number of partially cured 
samples at different stages [27], [28] there is inevitably variation between samples and the 
quenching process may affect the result.  This novel method gives us the ability to track a defect, in a 
single sample, through the entire cure process.   
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Knowing how far ply drops might move during cure can give a realistic guide to what layup accuracy 
might be needed.  Following the filling- or not- of a gap, and any further behaviour, indicates 
whether or not this is likely to be a problem later on and teaches us more about the material 
behaviour.   
In an industrial CT scanner, the sample is rotated through 360 degrees while exposed to X-rays.  The 
number of projections, or images, per scan and the exposure time of each image determine how 
long the scan will take.  As longer scans average the image detected over a larger period of time- 
with multiple hour scans being the norm for a static composite sample- the signal to noise ratio is 
better; however in order to capture the changes in a curing sample, we need a very short scan time.   
Industrial CT scanners have been used to track the changes in objects over time before, with the 
most relevant being Plank et al’s 2016 work following a bubble of water during the cure of neat resin 
[150].  This experimental method, developed independently of their work, bears some similarities to 
theirs- in that a sample is heated while under vacuum- but the requirements for a composite 
prepreg sample and evaluation of the voids therein are very different. In-process XCT Scanning of 
composites has been carried out using synchrotrons, including for resin infusion [145], debulking 
[147] and compression moulding [148].  Synchrotrons can produce a high quality and high 
magnification image but are expensive to use and not widely available in industry, therefore an 
industrial CT scanner is more practical.  The principles of XCT scanning of changing samples, with 
examples, are further discussed in Chapter 2.   
The test samples were made from Hexcel’s M21 prepreg as this is a widely used material, 
representative of aerospace grade carbon fibre-epoxy prepreg.  It should be noted that M21 is not 
an out of autoclave prepreg, so curing under only the equivalent of 1 bar pressure (from the vacuum 
pump) is expected to result in more voids than the manufacturer’s recommended cure cycle.  For 
the purpose of the proof of principle, this means one should expect detectable voids to be present, 
and the results can give insight into the resin behaviour.  A more realistic cure would require 
development of an X-ray transparent pressure vessel, which goes beyond the scope of this work.   
4.2.1 Defect types 
1) Tow gap: An approximately 2mm wide, 2 ply deep gap along the fibre direction at the centre 
of a (0,90) layup, of the type which might reasonably occur during manufacture with either 
manual layup or Automated Fibre Placement.  This can be compared to the tow gaps studied 
by Rhead et al [154], which had a significant effect on sample compression after impact.  In 
this configuration lateral fibre movement is expected to occur, as fibres from either side of 
the deliberate large void may move into it.   
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2) Ply drop:  An approximately 2mm, wide, 2 ply deep gap cut across the fibre direction at the 
centre of a (0,0) layup, as might occur when prepreg is cut at the end of an AFP tape [153] or 
an error is made in manual layup.  As fibres are not expected to move laterally in this 
configuration, only resin movement and vertical deformation of the plies above and below 
the deliberate large void should contribute to the evolution of the defect.   
Note that some of the results for the tow gap defect presented herein were previously published by 
the author and colleagues in an ICCM paper.  [47] 
4.2.2 M21 cure 
 
Figure 4.1: M21 viscosity (green) and degree of cure (purple) over selected cure cycle (temperature in red).  
Based on cure kinetics model of Kratz et al. [43] 
The cure cycle was as shown in Figure 4.1- a slow ramp of approximately 0.45○C/min to a 
temperature of approximately 150○C, hold for 2 hours then cool naturally by turning off the heat 
source.  The hold temperature was chosen to ensure the heat was sufficient for gelation and some 
curing to occur, but not likely to risk a fire in the highly expensive XTH-320 CT scanner [223].   
A typical autoclave has a temperature accuracy of ±2 to 3○C [123], meaning variation of 4 to 6○C can 
be considered ‘constant temperature’ by industrial standards.  During a short scan of 7 minutes, the 
temperature of the sample will increase by an average of 3.15○C, well within this variation.  
Furthermore, the slow ramp allows numerous scans to be taken during the interesting phases of 
viscosity decrease and sample consolidation where the most movement is likely to be seen, without 
compromising too much on scan quality.   
139 
 
4.3 Initial experiments 
The very first trials intended only to find out whether curing using a heater mat in direct contact 
with the sample was a viable option.  The heater mat was held flat, vertically, with a composite 
sample in contact with it.  It was quickly determined that noise from the wires inside the heater mat 
were too much of a problem.  Having decided on a cylindrical sample in order to keep the horizontal 
thickness of material constant during rotation, the decision was taken to use a heater mat held out 
of the X-ray zone to heat a ceramic rod, which acts as a heated tool.  Vacuum- initially from a static 
pot- was used to induce consolidation in the sample.   
For initial tests, a battery powered heater mat was used.  This was sufficient for proof of concept, 
but did not reach a high enough temperature for cure, so Nikon were employed to thread a power 
cable into the X-ray cabinet (Figure 4.2) - along with a vacuum line and USB cable for thermocouple 
reader output.  This also allowed a more reliable vacuum to be applied than is possible with a 
standalone pressure pot at the lowest reasonable pressure. 
 
Figure 4.2: Nikon XTH-320 CT Scanner 
4.3.1 Building work nearby 
A CT scanner is a very delicate machine.  Drilling taking place in the workshop next door was 
sufficient to vibrate the filament out of alignment, making the first test scans unusable.  The only 
solution is to avoid vibration around CT scanners- or put the scanner out of use if such is 




4.3.2 First proof of concept 
A sample with a random selection of defects, made of M21 carbon fibre prepreg with interspersed 
M21 glass fibre plies to highlight layers, was used for the first successful In-Process XCT Scanning 
run.  Consolidation could clearly be seen and the glass fibres were confirmed to work as tracers.  7 
minute scans were used.  
The figures below show the first X-ray images of a composite sample as it cures. A micro-XCT scan, 
once reconstructed, results in a three-dimensional model of the sample.  A slice halfway through this 
model is shown, taken from the start of the cure, intermediate points, and the end point.  The 
millimetre-scale gaps can be seen to shrink, though not disappear entirely, as the cure progresses.  
The bright dot, circled on scan 15, is a high density contaminant.   
 
Figure 4.3: Start of cure 
 
Figure 4.4: Scan 5 (40 minutes)    
 




Figure 4.6: Scan 15  (140 minutes), high density contaminant circled 
 
Figure 4.7: Scan 20  (190 minutes)    
 
Figure 4.8: Scan 25  (240 minutes), cooling 
4.3.2.1 Thermocouple positioning 
The proof of concept images show a lot of noise.  In these images, the thermocouples were, while 
below the image zone, close to the X-ray zone near the top of the ceramic.  Moving the 
thermocouples to the base of the ceramic significantly improved the image.  However, some noise 
remains- from the ceramic itself.  Future implementations should consider different materials for a 
heated tool, or a different heating strategy. 
4.3.2.2 Sample slippage 
The proof of concept sample can be seen moving to the left in the above sequence of figures.  To 
provide a constraint, so the sample represents a small defect in a larger part, acrylic rings were used 
thereafter to stop slippage.  Acrylic lids were also made, to ensure the vacuum was applied evenly.   
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4.3.2.3 Shading correction  
The shading correction records the X-rays received at the detector, without a sample present, at a 
number of different intensities.  These ‘pictures’ are normalised to the detector range, resulting in a 
correction which is subtracted from each X-ray image during a scan, removing any artefacts due to 
the detector.  The shading correction was initially normalised to the whole range of intensities,  
however, on advice from Nikon, for later runs this was corrected to stop slightly below the 
maximum, so that any cosmic rays or other noise which impact the detector during a scan at higher 
intensity than the test range do not skew the results. 
In the earlier trials, the CT scanner automatically took a second shading correction part way through, 
this shifted the timings slightly.  The expiry time of the shading correction was changed so that this 
would not be necessary, resulting in a successful scan at regular intervals as desired.   
4.3.2.4 Scan settings 
Initial tests used 4 minute scans, but these were too noisy to analyse.  Trial and error resulted in a 
reasonable balance between noise and scan time for a 7 minute scan, consisting of 1600 projections, 
each with a 250ms exposure.  At 7 minutes, the scan can be reconstructed without blurring.  A 
longer scan would risk this as the sample is in motion as it cures. The scans were automatically 
carried out using a batch program. 
4.3.2.5  Sample positioning 
Initial experiments aimed to achieve the maximum possible magnification, meaning sample 
positioning took a significant amount of trial and error, as the whole sample must remain in view 
during a 360 degree rotation- leading to many very small adjustments to get this right. 
For later experiments, the power was increased slightly as the higher X-ray flux provides a greater 
signal to noise ratio for the small exposure time.  This resulted in a slightly larger minimum spot size 
[135], so there was no longer an advantage to a resolution less than 13µm.   
As the ceramic heats, the tooling blocks which protect the clamp from the heat can soften.  The 
clamp is placed at the base of the ceramic (keeping the metal out of the X-ray zone) and fastened 
tightly to prevent inadvertent sample movement.  As the tooling blocks soften, the clamp pushes 
inwards, pushing the sample up and out of view.  This was counteracted by slightly loosening the 






4.4 Experimental setup 
The scanning was conducted using a Nikon XTH-320 CT scanner with a 225keV reflection head and a 
flat panel detector.  A vacuum line, power and USB cables were fed into the scanner cabinet to 
enable the experiment.   
The vacuum line was connected to a pressure pot, from which a flexible hose ran to the ceiling of the 
cabinet, from where it could reach the sample, with sufficient flexibility to allow the stage to rotate.  
The sample was cured under vacuum only.  An acrylic disc placed on top of the sample and in 
contact with the breather fabric ensured even pressure across most of the surface.  The acrylic was 
seen to soften slightly during the cure but remained sufficiently rigid for the task.   
 
Figure 4.9: Experimental setup showing cure apparatus and sample.   
The equipment was arranged as shown in Figure 4.9.  The insulating blanket is made from breather 
cloth, which is transparent to X-rays.  A small, cylindrical vacuum bag was connected to the vacuum 
hose and the ceramic rod tool, with breather fabric between the hose and acrylic disc atop the 
sample, which is constrained by an acrylic ring.  The vacuum bags were made from standard vacuum 
bag plastic formed into cylinders using a hot seal press. 
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Thermocouples were placed in the bottom of the ceramic rod tool to minimise X-ray scatter in the 
imaging area.  Heat was provided by a flexible silicone heater mat wrapped around the ceramic rod 
tool, with a controller placed inside the CT cabinet.  Readings from thermocouples in contact with 
the rod and the heater mat were recorded, via a thermocouple reader and LabView software.  The 
view inside the cabinet is shown in the photographs Figure 4.10 and Figure 4.11 
 
Figure 4.10: Experimental equipment in XTH-320 CT scanner cabinet 
A vacuum line passes into the cabinet from outside and is connected to a pressure pot, which keeps 
the vacuum even in the event of fluctuations on the line.  A hose from the pressure pot then runs up 
to the ceiling and is affixed by tape, hanging loosely down to meet the sample.  This keeps the 
sample under an even vacuum without requiring a metal fixing (which would scatter the X-rays and 
cause noise) in the X-ray zone.   
Both the vacuum hose and the cables connecting the heater mat to the PID and thermocouple 
reader must be arranged in a manner which allows the sample to rotate 360 degrees.  The software 
is set to then counter-rotate it back to the start position before the next scan, so that the hoses and 
cables do not become overly tangled.  They must be affixed to the cabinet and manipulator in a 































The 225KeV reflection X-ray head was used.  While it may be possible to achieve better results using 
a rotating target head- allowing higher power to be used- the time required to swap the heads for 
each day on a shared use machine made this impractical.   
 
Figure 4.11: Experimental setup viewed from above 
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4.5 Sample Geometries 
Each sample consisted of 22 plies of M21 carbon fibre or glass fibre prepreg. The sample was 
cylindrical, for maximum scanning efficiency, and approximately the size of a pound coin, having a 
20mm diameter.   The small size allowed the sample to be positioned physically close to the X-ray 
gun, achieving a resolution of 13.45 µm. 
 
Figure 4.13: Scatter free radiographs of sample before (left) and after (right) cure.  False colour, with shading 
correction.  Looking end-on at the gap.  The black is the ceramic rod and the material to the side and in front of 
the sample is bagging tape.  The acrylic lid is in a bluer colour above.  The sides of the acrylic ring and the bag 
can be seen in grey.   
4.5.1 Tow Gap 
The unidirectional carbon fibre was laid up in a balanced manner [0,90…0,0…90,0].  Each of the two 
central, 0 degree plies was created from two truncated semicircles, cut along the fibre direction with 
a gap of approximately 2mm between them.  Figure 4.13 shows an example.    
This is intended to be representative of an AFP-type tow gap.  We expect to see some lateral 
movement of fibres into the gap along with resin flow.  (Figure 4.14) 
4.5.2 Ply Drop 
The unidirectional carbon fibre was laid up in one direction (90) only.  Each of the two central plies 
was created from two truncated semicircles, cut across the fibre direction, laid up with a gap of 
approximately 2mm between them.  As the gap is cut across the fibres, here we expect to see lateral 





Figure 4.14: Tow gap (a) and Ply drop (b) sample lay-up near the central gaps.  (a) shows [0,90] symmetrical 
layup, with two 0 degree plies in the centre, with the gap in the fibre direction.  (b) shows all 90 layup, with the 
gap across the fibre direction.  Arrows mark the expected direction of lateral fibre movement in the tow gap 
case. The ply drop sample will show if resin movement is sufficient to fill the gap. 
4.5.3 Glass fibre-M21 sample 
Woven glass fabric was laid up in one direction only.  Each of the two central plies was two 
truncated semicircles, laid up with a gap of approximately 2mm between them.  These samples were 






4.6.1 Temperature measurement baseline 
 
Figure 4.15: Temperature measurement baseline 
Initial tests showed that scan quality was significantly improved by keeping the thermocouples, 
which cause X-ray scatter, away from the X-ray cone.   
For this reason, the temperature of the setup is controlled and measured by thermocouples 
embedded in the bottom of the ceramic cylinder, well away from the x-ray zone.  In order to 
estimate the temperature of the sample from this, a temperature calibration experiment was carried 
out, with the result shown in Figure 4.15.  
 Thermocouples were placed in the base of the ceramic rod, between the top of the ceramic rod and 
the sample, embedded in the middle of the sample, and on top of the sample.  No scans were taken, 
but otherwise the same setup was used as during an In-Process XCT batch scan.  The results of this 
were used to estimate the sample temperature based on the measured base ceramic temperature 
during the experiments in the scanner cabinet.   
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4.6.2 X-ray CT settings  
The fastest scan attempted with the XTH-320, using the 225KeV reflection head, took just under 4 
minutes.  Achieving such a fast scan meant using a low number of projections and very short 
exposure.  It is possible to identify the deliberate, large gap using this setting, but the scans were- 
unsurprisingly- very noisy.  A scan of just under 7 minutes showed significant improvement in the 
quality of the results without any blurring from geometrical changes during that time.  This scan was 
1600 projections with a single frame per projection and an exposure of 250ms per frame.  A 
resolution of 13.45 microns or higher was found to be suitable, being enough magnification to 
clearly identify the voids while allowing a power of 13W to be used (which results in a focal spot size 
of approximately 13 microns, just smaller than the required resolution).  A higher power means a 
greater X-ray flux, making the most of a short exposure time.  The X-ray energy was set to 180KeV.   
For each sample, the position and settings were checked and a shading correction taken.  A batch 
program started a scan every 10 minutes for a total of 45 scans (7 hours and 20 minutes) as the cure 
proceeded.  This timing was sufficient to see each successful run to gelation and allowed two runs to 
be done per day, with the second left on overnight.   
Each scan was automatically reconstructed using CT pro software.  The best results were achieved 
using a noise reduction filter on level 2.  The voids and ply drops were then analysed using VG Studio 
Max 2.2.   
4.6.3 Void analysis 
 
Figure 4.16: Drawing the region of interest on the 3D reconstruction of the first scan of a tow gap sample.  The 
same region of interest is used on each reconstruction.  Space is allowed below the gap as the sample will 





Figure 4.17: Applying region of interest to 3D reconstruction of the last scan.  The gap is still within the region. 
A region of interest is defined for the void analysis, containing the main gap, as shown in Figure 4.16 
and Figure 4.17. This is deliberately placed where voids are expected to be at a maximum.  As the 
sample consolidates and changes the gap position relative to the scan baseline moves, so the region 
must be large enough to allow for this.  Hence, while any smaller voids and gaps in the region of 
interest will also be detected, the volume and geometry over which the voids are measured is 
constant throughout and dominated by the deliberately introduced gap.  All voids in this region are 
measured as, at later stages, it is difficult to tell which of the smaller voids were initially part of the 
large one.   
After defining the region of interest and saving it as a template, a macro was created to automate 
application of the void analysis process to all 45 reconstructions.  The steps in the process can be 
seen in the appendix.  The macro applies a median filter to smooth greyscale values over 5 voxels, 
which helps to remove noise and is at too small a scale to affect the void sizes measured.  Voids are 
measured only in the region of interest, as shown in Figure 4.16 and Figure 4.17, to prevent the 
sample edges being erroneously detected as voids.   
VG studio’s built in ISO-50% surface determination routine was used to find the boundaries between 
resin and air in the region of interest of the 3D reconstruction.  This uses the grey levels in pixels to 
define a boundary between two materials.  Surface determination is discussed in Chapter 2.  Voids 
of volume 0.01 to 100mm3 are measured, hence ignoring anything too small to be reliably identified 






Figure 4.18: Identifying voids using VG studio max, for the reconstruction shown in Figure 4.16.  Extracted void 
volumes in the region of interest are shown in blue, along each axis and in a 3D representation (black panel), 
behind a table listing the voids.   
4.7 Results 
4.7.1 Tow Gap 
Results for tow gap samples, including two full length batch runs and two truncated runs (due to 
failures of the filament in the CT scanner) are shown in Figure 4.19.  It should be noted that there is a 
missing scan in the shortest truncated run (palest blue), due to data transfer problems.  
The starting void volume varies as each sample is manually laid up.  It can clearly be seen that the 
void volumes decrease as the resin begins to flow and the sample consolidates, becoming small or 




Figure 4.19: Tow gap void evolution during cure.  Blue bars are total void volume within the region of interest 
(different shade for each run), red/orange lines show temperature, estimated according to section 4.6.1 
Figure 4.20 shows images of the void evolution for tow gap run 1, shown in the darkest colour in 
Figure 4.19.  These are slices through a 3D volume reconstructed from the CT scan.  The images on 
the left are slices partway through the vertical height of the sample, always at the same position 
(slice 143).  As the sample consolidates and shrinks vertically, different layers move through this 
slice. 
The images on the right are slices halfway through the x axis of the sample.  Note that the gap does 
not run directly along an axis.  The consolidation of the sample as a whole can clearly be seen, along 




Figure 4.20: Slices through scans of a tow gap sample shown at the start (23 degrees C), 1 hour (39 degrees C), 
2 hours (66 degrees C) and the end of the cure: 7 hours 20 minutes, cooled to 69 degrees C.  Note that while 




Figure 4.21: Distribution of void volumes for first tow gap run.   
Figure 4.21 shows the evolution of the voids in the region of interest for the same run shown in 
Figure 4.20.  The voids are binned by volume on a logarithmic scale.  The single large, deliberate void 
is seen at the start, along with smaller voids.  As the run progresses, the voids shrink and the large 
void splits into smaller voids, before all vanish below the threshold (0.01 mm3) in the middle of the 
run.  The small voids at the edges of the original gap then appear and stabilise.   
4.7.1.1 Comparison to theoretical resin behaviour 
 
Figure 4.22: Comparison of tow gap void evolution with M21 resin behaviour.  Resin behaviour calculated from 
the model of Kratz et al.  [43] 
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Figure 4.22 demonstrates that the relatively small voids which grow after the sample has 
consolidated do so around the region of minimum resin viscosity.   
The void growth model of de Parscau du Plessix et al [160], referred to in Chapter 2’s literature 
review,  models the evolution of a small, spherical bubble of vapour in an infinite incompressible, 
homogenous Newtonian fluid.  This is not applicable at the early stage of the cure, where a large 
void is present, the test sample is compressed under vacuum and lateral fibre movement into the 
large void is expected.  However, it may be relevant to the evolution of small voids which remain 
after the large void is mostly filled.   
The model predicts an increase in void radius as resin viscosity decreases and temperature increases, 
caused by increase in bubble pressure from both the change in temperature and, if moisture is 
present, diffusion of water molecules into the bubble.  which would fit with these results. Their 
experiment did not see “significant growth of voids without prior exposure to humidity” as air was 
evacuated during a debulking stage, which was not the case here.  The samples were not exposed to 
moisture, however trapped air and volatiles were present.  These voids appear to stabilise upon 
gelation, which should be expected.   
Similar results were not seen by Centea and Hubert [27] or Serrano [28] in their studies of porosity 
of multiple quenched samples.  These works, also discussed in Chapter 2, measured percentage 
porosity rather than evolution of a specific defect.  As there is unavoidable variation between 
multiple samples, and the frequency of measurements in the aforementioned works is lower than 
that used here, it is possible that this effect may have been present without being measurable in 










4.7.2 Ply Drop 
Similarly to the tow gap samples, resin flows into the gap- but here the void does not appear to 
(almost) completely fill with resin.  This is seen in all four of the samples presented, despite variation 
in the starting void volume and in the cure cycle.   
 
Figure 4.23: Ply drop void evolution during cure.  Blue bars are total void volume within the region of interest 
(different shade for each run), red/orange lines show temperature, estimated according to section 4.6.1.  Two 
different temperature cure cycles are shown. 
For the ply drop gap, two slightly different cure cycles were used.  The two higher temperature runs 
follow approximately the same as the cure profile used for the tow gap samples.  Data for two lower 
temperature experiments are also presented here.  Note that there is a significant amount of 
missing data (due to network problems) in one of the lower temperature runs (palest blue colour) so 
the behaviour of this sample during the hold cannot be inferred.  It is however sufficient for studying 
the early stages.   
For the higher temperature experiments, we again see an increase in total void volume after a 
minimum is reached during the cure.  The same conclusion cannot be drawn for the lower 
temperature experiments.   
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4.7.2.1 Higher temperature runs, for comparison to tow gap samples. 
 
Figure 4.24: Defect evolution and resin behaviour, ply drop gap with ~150○C hold.  Resin behaviour calculated 
from the model of Kratz et al.  [43] 
A very similar pattern to the tow gap results (Figure 4.19) is seen in the void volumes, decreasing to 
a minimum then undergoing an increase at minimum resin viscosity, before stabilising at gelation.  
However, the void volumes are larger throughout.   
The slight jump in the second run total void volume at 4 hours may be due to noise- if a scan is 
notably brighter or darker this may affect the surface determination level.   The surface 
determination routine finds the boundary between resin and air, hence the edge of the void- so a 







4.7.2.2 Lower temperature runs- gelation during cool down.   
 
Figure 4.25: Defect evolution and resin behaviour, ply drop gap with hold at ~140○C. Resin behaviour 
calculated from the model of Kratz et al.  [43] 
Data presented in Figure 4.25 shows two (perhaps 1 and a half is more accurate) ply drop defect 
samples cured at a slightly lower temperature.  The more complete run 3 does not show a clear 
increase in void volume at minimum resin viscosity as the higher temperature and tow gap runs do, 
and there is insufficient data to draw a conclusion from the incomplete run 4.    Resin viscosity still 
reaches a minimum at around 4h40m, as in the higher temperature runs- but gelation occurs during 
the cooldown phase. 
4.7.3 Glass fibre samples 
Glass fibres can be visually distinguished from epoxy resin easily in the XCT reconstruction, as shown 
in Figure 4.3.  However, this also has a problematic effect.  Void analysis for these samples proved 
difficult, as the surface determination routine could not reliably identify the resin-air interface, often 
selecting the glass fibre-resin interface instead.  This could be adjusted manually to select the correct 
interface, but could not be automated using the software available.  While it is possible to carry out 
the analysis manually, the volume of data involved made this impractical. Other surface 




4.7.4 Comparing start, minimum and end total void volumes 
 
Figure 4.26: Lack of correlation between (a) start and end void volumes, (b) start and minimum void volumes, 
and (c) minimum and end void volumes in the region of interest. Type 1 is a tow gap, type 2 a ply drop.   
There is significant variation in initial void volumes due to inconsistencies in hand layup.  However, 
there does not appear to be any correlation between this and either the minimum void volume or 
the final void volume, as shown in Figure 4.26.  Ply drop voids show a larger volume throughout the 














































































4.7.5 Lateral fibre movement: Comparison of Tow Gap and Ply Drop defect evolution 
 
Figure 4.27: Comparison of tow gap and ply drop defect evolution.  Resin behaviour calculated from the model 
of Kratz et al.  [43]  Tow gap run 1 and ply drop run 1 are shown, as these are closest in hold temperature. 
While both defect types are laid up in the same manner, the volume of the defect thus created(and 
hence the total void volume) in the ply drop sample, where all plies are laid up in the same direction, 
is larger at the start than that in the [0,90] tow gap sample.  This is due to the nature of the defect, 
as the tow gap runs along the fibre direction in the latter case, and the gap is perpendicular to the 
fibre direction for the former.  It is possible that some lateral fibre movement into the gap might 
occur before the experiment, during layup or initial debulk- when first connected to the vacuum at 
room temperature- in the tow gap case.     
The tow gap samples varied significantly in starting defect volume, but there does not seem to be a 
correlation between the starting total void volume and the minimum reached during the cure, or the 
final total void volume- though the sample size is far too small to state this unequivocally.   Likewise 
for the ply drop samples, while all have a greater total void volume throughout than the tow gap 
samples, there is no obvious relationship between starting and final volumes, shown in Figure 4.26. 
The lack of correlation between start and final volumes and the reasonable expectation that in a tow 
gap sample, fibres are likely to move laterally into the gap whereas this cannot happen in a ply drop 
sample, suggests that the difference in geometry is probably due to the fibre movement- both in 




The results can be compared with microscopy images of the samples taken after cure.  Due to the 
limitations of fast scanning, required for In-Process XCT, and of geometric magnification, it is 
impossible to distinguish carbon fibres from resin in the scan images from the experiments.  
However, microscopy images of the cured samples allow the fibres to be seen.   
A selection of samples were therefore sectioned and images taken at 10x magnification using an 
optical microscope.  The cut has not been made parallel with the 0 degree or 90 degree fibre 
direction in order to avoid fibre losses from the cut area.   
 
Figure 4.28: Microscopy image of tow gap sample after cure.  Magnified cross section through deliberate 
defect zone only. 
 
Figure 4.29: Microscopy image of ply drop sample after cure.  Magnified cross section through deliberate 
defect zone only. 
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Comparing the two images, the fibres in the tow gap sample do appear to have moved laterally, 
while, as expected there is no visible lateral fibre movement in the ply drop sample, which has much 
larger voids and defined ply edges.  The small dots in the resin, such as can be seen between the two 
large voids in the ply drop image, are toughening particles, a component of the M21 resin.  The 
microscopy images support the In-Process XCT results, in that they show larger voids in the ply drop 
sample, but clear voids are present in both, in the area of the original defect.   
4.8 Conclusions and future work 
In-Process Micro-XCT has the potential to provide detailed information on the behaviour of 
composites during cure than has not been available prior to today.  This work provides both proof of 
the principle, as an experimental method, and shows detailed results measuring the evolution of 
features during the cure of M21 prepreg.     
The results show that the void from a 2mm wide AFP tow gap will almost disappear as the sample 
heats up and consolidates, but from both the results and the microscopy images one sees that 
smaller voids remain along the line of the original gap.  Significantly larger voids remain for the ply 
drop gap, across the fibre direction, showing that resin flow alone is not sufficient to close over this 
particular defect. 
The post-minimum voids grow at a time consistent with the minimum viscosity of the resin. This 
appears qualitatively consistent with the void growth model of de Parscau du Plessix et al [160], 
which predicts an increase in void radius as resin viscosity decreases and temperature increases. It 
would be interesting to develop an X-ray transparent pressure chamber so that samples could be 
cured under pressure rather than relying solely on vacuum- this may affect the formation of the 
secondary gaps seen here.   
Centea and Hubert [27] and Serrano [28] do not see this increase in porosity in their studies using 
multiple quenched samples.  The former, studying debulk, may perhaps not reach a sufficient 
temperature, though for efficient debulk one would expect minimum viscosity to be the aim.  As the 
latter follows the manufacturer’s recommended cure cycle for their resin, one would certainly 
expect sufficient temperature to be reached there.  It is possible that the out of autoclave resin used 
by Serrano does not behave in a similar manner to M21- but given the variation between samples in 
this work, it is also possible that this effect was missed due to variation between Serrano’s multiple 
samples or the relatively few samples taken, compared to the number of data points during this 




The XCT Scanning results could potentially be improved by use of a rotating target head.  A different 
experiment may allow longer scans- or require shorter ones- and the general trade-off of noise 
levels versus scan time must be considered when using this method.  Detector pixel binning, which 
was impractical to implement for this work, may deliver better results, as used by Keyes et al [149] 
and Plank et al [150].   An industrial CT scanner has clear benefits in terms of cost and availability 
when compared to a synchrotron and the resulting scans were of sufficient quality for this work- but 
the technique could be used on a beamline if faster scans or higher flux were required.   
The immediate next steps are somewhat simpler.  This work has demonstrated the concept, using a 
small sample and a somewhat ad-hoc experimental setup which applies heat and vacuum sufficient 
to cure the composite without damaging the CT Scanner.  An X-ray transparent pressure chamber, 
with more powerful heating options, would allow more realistic cure cycles to be studied.  A 
different CT scanner- such as a larger chamber, allowing greater geometric magnification- or a 
medical-style scanner where the source and target rotate while the sample remains still- might 
deliver sufficient magnification to extend this study to larger objects.   
The method of In-Process XCT Scanning could be applied to many other problems in composite 
manufacture, such as consolidation in a corner or tracking the effects of foreign bodies laid up into 
the laminate.  As a proof of concept we consider this a success, and only the start of a potentially 
very interesting area of research.    
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Chapter 5  
5 Cure Cycle Optimisation and Control with Dielectric Monitoring 
 
5.1 Abstract 
In the manufacture of advanced composite parts, it is common practise to follow a cure cycle 
recommended by the resin manufacturer.  Depending on the requirements for the part(s) under 
cure, this may not always be the most efficient option.  An autoclave or oven running longer or 
hotter than necessary leads to costs both financial and ecological for a business.  As demand for 
composite parts increases it is necessary to become ever more efficient in our manufacturing.   
A bespoke autoclave has been instrumented with two different cure monitoring systems.  These 
have been used to track the cure of a varying thickness test part over a variety of different cure 
cycles, seeking to optimise for energy usage while achieving the desired degree of cure.   
The two systems are compared to each other, to simulation using a commercial software offering 
and to laboratory measurements of the final degree of cure and glass transition temperature using 
samples from the cured test parts.   
Energy usage has been directly monitored and both costs and equivalent CO2 emissions are 
estimated for each cure cycle.   
Finally, feedback from one of the sensor systems was used to control the cure cycle, moving the 
autoclave to the cooldown phase as soon as the desired degree of cure was reached in the thickest 
and thinnest extremes of the part.   
 
5.2 Introduction 
Autoclaves and ovens remain very popular for manufacturing of composite parts.  It is immediately 
obvious that such energy intensive equipment should be used as efficiently as possible, to minimise 
cost and energy usage, with all the negative implications such entails.  Monitoring the degree of cure 
and Tg of the resin, building towards direct control of the cure based on sensor feedback, therefore 
has the potential to be very useful.   
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Theoretically optimised cure cycles can of course be developed based on simulation.  Comparison of 
such simulation to a physical, real-time measurement may be used for model verification and to 
compare the behaviour of the oven or autoclave to the ideal, theoretical cure cycle.  Convergent’s 
Raven software [224] is used for simulation in two ways here, the first based on ideal cure cycles and 
the second, after the fact, simulating the actual cure cycles using real temperature measurements 
taken from thermocouples embedded into the part.   
One limit of simulation is that it cannot be used for feedback during a process.  Manufacturing 
processes often have some variability, for example due to variation between material batches, local 
environmental conditions or individual laminators’ lay-up skills and techniques.  Autoclaves are 
controlled based on feedback from pressure sensors and thermocouples, often embedded in the 
part or the tool- this work investigates the possibility of extending this to feedback based on real-
time resin status measurements such as the degree of cure.   
Dielectric sensors are interdigitated electrodes, placed in contact with the resin.  A potential is 
applied across the electrodes.  In a Direct Current (DC) system, the resistivity is measured.  In a 
Dielectric Analysis system (DEA), an alternating current is applied, cycling through a range of 
frequencies.  The response of the resin changes as the cure progresses.  Using a previously validated 
model of the resin behaviour, degree of cure and/or glass transition temperature can be tracked, in-
situ and in real time.   
In order to test the suitability of such systems for cure cycle optimisation, two commercially 
available monitoring systems- Synthesites’ Optimold DC system [225] and the Advise-DETA DEA 
system [34]- were integrated with a bespoke autoclave.  Both systems were simultaneously used to 
monitor the cure of a varying thickness test part, at the thick and thin extremes.  After cure, 
Differential Scanning Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA) were used to 
measure the degree of cure and glass transition temperature (Tg) respectively for samples from each 
test part.   
The energy use of the autoclave was directly measured using an energy monitor, and used to 
estimate the cost and equivalent carbon dioxide emission for each cure cycle tested.   
5.2.1 Important Advisory 
This study was carried out using one part design in one relatively small autoclave.  It is intended as 
an investigation of the potential of the technology using a representative example, not as a 
guarantee of achievable cost and energy savings on all composite parts.  Actual savings will depend 
on factors including the part design, material, in-service requirements, equipment used for the cure 





Figure 5.1: The bespoke autoclave (2m internal diameter x 3m length) at the National Composites Centre, with 
pass-throughs for cure monitoring sensors. The control computer is at the front left.  A test part is inside the 
autoclave, thermocouples attached.   
A bespoke autoclave, shown in Figure 5.1, equipped with blanked off pass-through ports, was 
purchased by the University of Bristol with EPSRC funding.  This project marks the first sensor 
integration and first results from what should, eventually, be a fully instrumented pressure testbed.   
The autoclave, made by ASC following their ‘econoclave’ design [123] is of 2m internal diameter and 
3m internal length and powered by electricity only, capable of a maximum of 10 bar pressure and 
250○C.  This is small by industrial standards but large enough for development purposes.  It has 8 
ports, 6 blanked-off and 2 in use for the sensor systems (Figure 5.2), and 2 observation windows. 
 
Figure 5.2: A closer view of a pass-through for the Advise dielectric cure monitoring system.  Two channels, 
each consisting of two cables for sensor data and one thermocouple, enter the autoclave at this point, through 
a machined flange plate attached to a DN50 port (internal diameter 50mm) for pass-throughs.   
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5.3.1 Sensor systems 
Two sensor systems were purchased, using different technology.  The knowledge transfer resource 
in Chapter 6 refers to both systems. The theoretical background is discussed in Chapter 2.   
 
Figure 5.3: Signal processing system and control PC for the Advise DETA-Scope Dielectric Analysis system.  Two 
channels and two thermocouples are active.  The PC screen shows the monitoring software: temperature 
(white) and conductivity (red) from one sensor on a completed cure.   
The ‘DETA-Scope’ Dielectric Analysis (DEA) sensor system, shown in Figure 5.3, was purchased from 
Advise [34].  This system evaluates the state of resin cure based on the electrical response to an 
alternating current applied to the resin by means of a small, interdigitated electrode placed in 
contact with the resin.  The frequency of the alternating current varies over a set range- in this study 
from 1Hz to 100kHz- and the system outputs a measurement of conductivity along with detailed 
information such as the real and imaginary impedance [17] at each frequency.  A built in model for a 
specific resin is used to calculate properties such as degree of cure, Tg and viscosity in real time.   
 
Figure 5.4: A Synthesites Optimold cure sensor (left) with a commercial Netzsch Kapton substrate electrode as 




Figure 5.5: An Optimold signal processing system from Synthesites.  This can be attached to a single DC cure 
monitoring sensor.  The PC- not shown- can process signals from multiple sensors simultaneously, measuring 
resistance and temperature.   
The ‘Optimold’ direct current (DC) cure sensor system, shown in Figure 5.5 was purchased from 
Synthesites.  This system also uses an electrode in contact with the resin, but uses a direct current.  
The system trialled outputs only measurements of temperature and resistance, but, when the 
results are provided to the manufacturer, an estimate of Tg - again based on a model- is returned.   
 
Figure 5.6: Sensor connection points inside the autoclave.  Advise DETA sensors and associated thermocouples 
are connected on the upper two channels.  The sensor connectors for the Synthesites Optimold system have 
been modified- at both ends- to use the lower two channels.   
The two ports on the autoclave used to create pass-throughs for the sensor system, shown in Figure 
5.2, were both installed by Advise, with two data channels and two type K thermocouples in each 
port.  One of the ports was then modified for use with the Synthesites system, though it must be 
noted that, as the cable types do not exactly match those used by the Synthesites system the results 
had to be post processed with an independent temperature measurement (see section 5.7.3).  The 
internal connections can be seen in Figure 5.6 and the combined system of autoclave plus sensor 





Figure 5.7:  A test part connected up to the sensor systems (left), vacuum hoses (left top) and autoclave 
thermocouples (right), inside the bespoke autoclave.  The autoclave has an internal diameter of 3m.   
As both of these systems use proprietary cure kinetics models, their validity for the specific resin 
system used here is assessed by comparison to DSC and DMA measurements, carried out by the 
Materials Laboratory at the National Composites Centre.   
Both systems were used with flexible sensors, laid up between plies in the test part.  This allows the 
state of the material to be tracked at the sensor position, which can be anywhere in the part.   
The Advise DEA system was connected to the autoclave control PC, sending degree of cure, viscosity 
and conductivity measurements for two channels.  The autoclave software was modified by the 
autoclave manufacturer to facilitate this work, setting it to read the values from the DEA system as 
input variables, thus enabling control of the autoclave based on the DEA system.   
 
5.4 Part and Materials 
The test part was intended to be representative of a real part, but simple enough that samples could 
easily be taken for laboratory analysis.   
Real composite structures often have complex geometries and significant variations in thickness, 
along with inserts such as layers of foam or honeycomb.  The progress of the cure will be most 
affected by changes in thickness, as a thicker layer may take longer to reach the desired temperature 
in an autoclave- but once past an activation energy, is also more likely to overheat as part of a 
runaway exothermic reaction (‘exotherm’) as the larger volume of resin contributes more energy.   
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A stepped wedge was therefore chosen, varying from less than 2 mm to almost 40mm in height, 
with simple steps as shown in the diagram, Figure 5.8 and photographs, Figure 5.9.   
 
Figure 5.8: Diagram showing the planned layup for a stepped wedge.  The blue curves on the side view indicate 
that plies should be offset slightly to avoid sharp corners at each step, as this causes bridging of the bagging 
materials and hence poor consolidation in corners.   
Each step is wide enough to be sectioned for DSC and DMA samples, while avoiding the areas 
containing sensors.  Dielectric and DC sensors were placed between plies halfway up the height of 
the thinnest and thickest steps, and thermocouples were placed in the centre of each step, halfway 
up the thickness.  Step 1 is the thin end of the wedge, step 5 the thick end.   
The part was made from unidirectional 8552 carbon fibre prepreg from Hexcel [13].  8552 is a well-
known commercial resin which has been characterised and has a model available for simulation in 
the Raven software from Convergent [44].  Advise also has a cure model available for 8552 to use 
with their dielectric sensor system, allowing a test of the calculation of degree of cure, viscosity and 
Tg in real time.   
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Figure 5.9: Three views of a cured stepped wedge.  The wedge is 300mm x 150mm.   
The five autoclave control/data monitoring type K thermocouples can be seen exiting each step 
(green and white) in the photographs (Figure 5.9).  The gold strip at each end is a kapton substrate 
dielectric sensor for the Advise system.  It is paired with the black and white type J thermocouple.  
The red and white cables are attached to the DC sensor- which has integrated temperature sensing.  
The portion of each step free from sensors is used for DMA and DSC samples, which should be taken 
from the centre- in all directions- of each step.  The red material is release film, which can be difficult 
to remove completely as it can get stuck between plies as they consolidate.  Cork is used to support 




5.5.1 Test part construction 
Each identical test part was laid up by hand on a flat aluminium tool.  Embedded sensors were 
chosen in order to track the cure in the centre of the thin and thick extremes of the part.  
Synthesites’ own sensors were used, which contain a shield and integral glass fibre layer to prevent 
shorting of the sensor on the carbon fibres.   
For use with the Advise system, Kapton substrate electrodes (Netzsch) and GIA electrodes were 
considered.  Preliminary testing found that the GIA sensors absorbed resin becoming dangerous to 
handle (sharp edges of cured resin) on debagging and also difficult to remove from the connectors.  
By contrast the Kapton sensors, while more expensive, are more flexible, easier to handle and do not 
absorb the resin.  They also contain an integral glass fibre veil, which the GIA sensors do not.  
Accordingly, the Kapton sensors were chosen.     
 
Figure 5.10: A GIA electrode (left) with a Netzsch Kapton substrate electrode (right), as used with the Advise 
DETA cure monitoring system.  The Kapton substrate electrode is approximately 1cm wide.  The interdigitated 
electrodes are visible on the GIA electrode, but hidden under a glass fibre veil on the Kapton electrode.  The 
veil prevents the electrode shorting on conductive material such as carbon fibres.   
For each experiment, the part was laid up onto a flat plate and vacuum bagged as in the diagram in 
Figure 5.11.  The thermocouples, sensor strips and cables exit the bag between layers of bagging 
tape, carefully sealed around them.  The bag is tested to ensure there are no detectable leaks prior 
to placing the part in the autoclave for cure, where it is tested again as part of the autoclave pre-





1 Tool Plate 
2 Vacuum bag 
3 Release film (non-perforated) 
4 Bagging tape (up to 200 ○C) 
5 Breather fabric  
6 Vacuum breach port locations 
7 Cork for sensor support 
Table 5.1: Vacuum bagging materials 
Figure 5.11: Vacuum bagging diagram for the stepped wedge, showing sensor positions, bagging materials and 
breach ports for vacuum hoses- one to apply the vacuum and another to monitor it. 
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The part was placed in the instrumented autoclave and the vacuum hoses (source and sensing), 5 
standard J type thermocouples (1 in each step), 2 dielectric sensors with K type thermocouples and 2 
DC sensors all connected to the relevant points.   
 
Figure 5.12: A cured stepped wedge in the autoclave with vacuum hoses, DEA sensors (gold strips passing into 
PEEK connector protection cylinders, J type thermocouples (black and white) and DC sensors (red and white) 
are connected front and rear.  K type thermocouples (green and white) are on the right.   
The cure cycles were programmed in to the ASC control PC and the sensor results monitored on a 
separate laptop.  Electricity meter readings were taken after closing and locking the autoclave door 
but before starting the cure, and at the end of the cycle after the purge fan had finished and the 
autoclave was cool enough to open safely. 
  
Figure 5.13: The energy monitor on the autoclave electrical cabinet, showing current and total energy usage in 
kWh.  Readings were taken before and after each cure.   
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5.5.3 Use of Cure Monitoring Systems 
Each cure monitoring system is read via a laptop PC.  The Synthesites Optimold system simply tracks 
resistance and temperature at each sensor position, with output similar to that in Figure 5.14.  This 
system does not offer real time monitoring of material properties such as Tg or degree of cure.   
 
Figure 5.14: Typical output from the Optimold sensors, with two sensors during a two hold cure.  Due to the 
cables used, the values given for temperature and resistance are not accurate- they are later adjusted by 
reference to the autoclave thermocouples- but the graph shapes indicate the progress of the cure.   
After cure, the data are sent to Synthesites along with autoclave thermocouple data for calibration.  
Synthesites then return an estimate of Tg during the cure, based on the NCAMP model [23] (see 
Chapter 2).  The same model is used in the Raven simulation software and the Advise DETA system.   
 
Figure 5.15:  Cable compensation in the Advise DETA system 
The Advise DETA system must be calibrated to compensate for the effect of cable length on the 
signal before it is first used with the autoclave pass-through.  This is shown in Figure 5.15.  Once this 
has been done, the cable length does not change.    
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The parameters for the 8552 material model- again based on the NCAMP model, though other 
details are proprietary- were provided by Advise and must be input manually into the software and 
checked before each run.   
 
Figure 5.16: Examples of viscosity and degree of cure signals from the Advise DETA system, two sensors shown.   
The Advise DETA system provides real time tracking of many material properties, including degree of 
cure, Tg, viscosity, conductivity and a breakdown of the response by frequency of the alternating 
current, shown as the real and imaginary parts of the impedance.  For the purpose of this trial, 
degree of cure and Tg monitoring was used, though the impedance data can be checked to ensure 
the response of the resin remains in range- see Chapter 6 for more detail on this.   
The final values of degree of cure and Tg were compared to laboratory tests on the cured part.   
5.5.4 DSC and DMA analysis 
Following the cure, copies of the sensor and autoclave PC data were taken, and the wedge was 
sectioned for laboratory analysis.  Samples were taken from the centre- horizontally and vertically- 
of each of the five steps, avoiding the sensors and thermocouples.  Differential Scanning 
Calorimetry, by comparison to an uncured prepreg sample from the same roll, was carried out to 
estimate the degree of cure.  Dynamic Mechanical Analysis, averaged over three samples, was used 
to estimate the glass transition temperature, Tg.  The cutting, DSC and DMA measurements were 
carried out by the Materials Laboratory team at the National Composites Centre.   
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5.5.5 Cure simulations with Raven software.   
The first set of Raven simulations, referred to as ‘Sim’, using the NCAMP model for 8552 [23] were 
carried out before the experiments using simulated temperature data for ideal runs of proposed 
cure cycles shown in Table 5.2. Each step was modelled as a separate, 1 dimensional heat transfer 
simulation, with a lower boundary at 40 w/m^2, 15mm of aluminium tool, a thickness of 8552 
(NCAMP model) correct for that step, 3mm of breather and an upper boundary at 60 w/m^2.  As the 
lower boundary is close to the autoclave floor, on a very low trolley, a lower heat transfer seemed 
reasonable.  Values are based on Raven documentation [224].  The results shown for each 
simulation are for a data point in the centre of the composite layer, equivalent to where the sensors 
and thermocouples were placed in the test parts.   
The second set of Raven simulations, referred to as ‘Sim_data’, were carried out after the 
experiments using the real temperature data from the J type thermocouples embedded in each of 
the steps, as recorded by the autoclave control PC.  These did not involve any heat transfer 
simulation, only simulation of the cure based on the measured temperature profile.   
The ideal cure cycles were found not to reflect reality due to the temperature control behaviour of 
the autoclave.  The difference between the results of the ‘Sim’ and ‘Sim_data’ simulations 






5.6 Cure Cycles and Active Process Control 
 
Figure 5.17: The manufacturer’s recommended cure cycle for 8552.  Reproduced from Hexcel datasheet [13].   
All cures were carried out at 7 bar pressure, with a heat up rate of 2○C/min.  Cool down rate was 
4○C/min.   
As a baseline, cures using the standard, recommended cycle (Figure 5.17) and a cycle with a single 
hold at 180○C for 3 hours were carried out.  These are compared to cure cycles truncated when the 
dielectric sensors indicate that a minimum of 85% degree of cure has been reached, and to lower 
temperature full length cure cycles intended to reach that same 85% degree of cure.   
A minimum of 85% degree of cure was chosen as it is expected that when the thinnest step reaches 
85% degree of cure following the manufacturer’s recommended cure cycle, the thickest step should 
be at a measurably higher degree of cure.  This should result in a range of data for comparing the 
results of laboratory tests to simulation and to the sensor measurements.   
A Raven process map using the NCAMP model [23] was used to estimate the (second) hold 
temperature required to achieve 85% degree of cure in all steps for the lower temperature cures.   
These were carried out for single and double hold options and again the electricity consumption was 
measured from the meter.  For the double hold option, the first hold was kept at the standard 
110○C.  This gives a measurement of the energy saving achievable by curing at a lower temperature. 
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Finally, to evaluate the potential usefulness of cure control using the sensors for this example part, 
and to compare lowering the temperature with shortening the cure time, both double hold and 
single hold cures with a (second) hold temperature of 180○C were again carried out.  This time data 
from the Advise sensors was used as an input to the autoclave control system via an ethernet link, 
and the autoclave programmed to move to the cool down stage when both sensors read over 85% 
degree of cure. Again, electricity use was measured using the meter.   
 Cycle Ramp to Hold Ramp to Hold Ramp to End 
1 Recommended 110○C 1 hour  180○C 2 hours 60○C Purge 
2 Single hold 180○C 3 hours - - 60○C Purge 
3 2 hold cool 110○C 1 hour 160○C 2 hours 60○C Purge 
4 1 hold cool 160○C 3 hours - - 60○C Purge 
5 2 hold DEA triggered 110○C 1 hour 180○C 85% cured 60○C Purge 
6 1 hold DEA triggered 180○C 85% cured - - 60○C Purge 
Table 5.2: Cure cycles to be tested.  
The results were tabulated, and the end of cure sensor readings compared to DSC and DMA 
measurements.  Potential energy and cost savings were estimated based on the electricity meter 
measurements.   
Two sets of simulations were carried out in Raven, again with the NCAMP model for 8552 [23], these 
are later referred to as:  
Sim- simulations of heat transfer and cure for each step on each cure cycle, using a 1-dimensional 
heat transfer model based on the theoretical, idealised cure cycles.  These were found not to be 
representative of the real thermal profiles experienced by the part due to the temperature control 
behaviour of the autoclave, explained in the next section.   
Sim_data- simulations of cure for a point at the centre of each step on each cure cycle, using data 
from thermocouples embedded in the centre of each step (vertically and horizontally), hence 
following the actual thermal profiles experienced by the part.  As temperature is measured directly 
and the simulation models the cure only at the point of the thermocouple readings, there is no heat 
transfer model for these simulations.    





5.6.1 180○C cures 
To provide both a baseline for energy usage and an initial assessment of the sensor and simulation  
reliability, Cure 1 followed the manufacturer’s recommended cure cycle.  Cure 2 was at 180○C 
without at intermediate hold.  It is clear from the thermocouple data that the real conditions in the 
autoclave are significantly different from the idealised cycle.   
The autoclave is controlled by a program, often referred to as a ‘recipe’ for a given material, set out 
in segments.  A simple recipe might look like this: 
1) Increase pressure at specified rate up to a set maximum.  When pressure reaches 
SetPressure -1 bar, move to next segment.  
2) Increase temperature at specified rate up to a set maximum.  When low temperature 
thermocouple reaches SetTemperature -5 degrees, move to next segment. 
3) Hold at SetPressure and high temperature thermocouple at SetTemperature for X 
minutes. 
4) Cool at specified rate to standard room temperature.  When high temperature 
thermocouple reaches SafeTemperature, move to next segment.   
5) Depressurise at specified rate until standard atmospheric pressure is reached.  When 
pressure reaches LocalPressure, end cure.   
The control behaviour for this autoclave can be triggered by the highest or lowest temperature part 
thermocouple.  For safety, when holding at a set temperature- in this case 180○C – the autoclave 
controls the temperature to keep the highest temperature thermocouple at this set value.  This 
means that that when the thicker end of the part begins to overheat due to the exothermic cure 
reaction, the autoclave acts to lower the air temperature, cooling until the part is back at the 
required temperature.  This cooling means the thinner regions of the part drop in temperature.  This 
can be seen in Figure 5.18 and Figure 5.19.  Step 1 is the thin end of the wedge, step 5 the thick end.   
The autoclave is programmed to move to the hold segment when the lowest temperature 
thermocouple reaches a temperature >175○C.  This is delayed due to the cooling required to control 
the exotherm in the thicker region of the part, meaning that while the extremes of thickness 
experience different cure cycles due to the exotherm, both do receive a minimum of the specified 
hold time (2 or 3 hours) at the required temperature.  However, this makes the overall cycle slightly 
longer, as time must be allowed for the exotherm and cooling to occur.   
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At the end of the cure there is a slight pressure drop as the autoclave cools down.  The compressed 
air system it is attached to cannot compensate for the drop in pressure caused by the cooldown 
before the depressurise segment is reached.   
To check consistency between runs, cure 1 was repeated once.  The results were consistent within 
experimental error so, due to time and budget restrictions, other cures were not repeated except 
where equipment failures occurred.  These two cures are referred to as 0 and 1.   
 
 
Figure 5.18: Autoclave pressure sensor and thermocouple output for cure cycle 1.  Thermocouple 3 is very 
noisy so was removed as a control thermocouple as the readings were unreliable.  Here we can see an 




Figure 5.19: Autoclave thermocouple and pressure sensor output for cure cycle 2, a single hold at 180○C. The 
exotherm occurs just before the cycle enters the 180○C hold.   
5.6.2 Low temperature cures 
Lower temperature cures were carried out, for comparison with the truncated cures.  The intention 
here was to run the autoclave for the same length of time as the standard or single hold cure but at 
a lower temperature, to compare both the properties of the final material and energy usage to the 
standard temperature cures truncated at 85% degree of cure.   
Figure 5.20 shows the Raven process map used to select the hold temperatures for the low 
temperature cures.  Degree of cure at any moment is read by tracing the cure cycle through the 
isotemporal contours.  For example, a part held at 200○C would achieve a degree of cure of 0.6 (60%) 
after 8 minutes (the second to last green contour).  Whereas a part held at 100○C would not be 
expected to ever achieve 60% cure.    
The process map illustrates the issue of diminishing returns for longer cure times, as the rate of 
increase of degree of cure at any set temperature diminishes with time.  The magenta isotemporal 
contours together represent 12 hours, starting at hour 6 of the isothermal cure.  At temperatures 
above 130○C, this additional 12 hours would add less to the degree of cure than the margin of error 
on NCC’s DSC machine.  This work investigates, among other things, the possibility of using shorter 




Figure 5.20: Raven process map for 8552 using the NCAMP model, with paths for different cure cycles shown. 
Isotemporal contours have increments of 1 minute (green), 10 minutes (red), 30 minutes (blue) and 60 
minutes (magenta).  The red diagonal line represents the relationship between degree of cure and Tg.   
The upper, middle, and lower bounds of the manufacturer’s recommended cure cycle are shown by 
the black, dark blue and yellow lines respectively, with estimates of 91%, 89% and 88% degree of 
cure. The magenta line illustrates the result (86%) if the second hold is at the lower temperature of 
170○C and the red line illustrates the result if the second hold is at 160○C (82%).  The green, grey and 
cyan lines represent single hold cures at 180, 170 and 160○C respectively, with predicted degrees of 
cure of 89%, 86% and 82%.  The dark cyan, dark red and olive lines represent the truncated 180○C, 
sensor triggered cures- 2 holds with the second lasting 5 minutes, 1 hold lasting 5 minutes and 2 
holds with the second lasting 1 minutes, with predicted degrees of cure of 73%, 70% and 68% 
respectively- less than the target.   
As the process maps do not take into account part thickness and both the idealised and data derived 
simulations underestimated degree of cure compared to the DSC and DEA results for cure cycles 1 




Figure 5.21: Autoclave thermocouple and pressure sensor output for cure cycle 3, a dual hold at lower 
temperature (for the second hold only).   
The fluctuations in temperature during Cure 3 were due to a loose valve on the autoclave trim air 
which controls the opening and closing of the exhaust.  The length of time in the second hold was 
considered sufficient to mitigate any effect on the results.  It should be noted that in service 
autoclaves can often encounter such problems, so this is a realistic representation of a factory- ASC 
stated that this was within expected parameters.  The problem was fixed before the truncated cures 




Figure 5.22: Autoclave thermocouple and pressure sensor output for cure cycle 4.  The slight depressurisation 
during the exotherm is due to rapid cooling by the autoclave’s automatic systems, in an attempt to return the 
thicker end of the wedge to the desired temperature- in this case 160○C.   
5.6.3 Sensor triggered cures 
Changes of segment (e.g. from ‘heat at 2○C/min to ‘hold at 180○C’) are in the normal case triggered 
by either time elapsed or a sensor reading, usually temperature or pressure.  To control based on a 
signal from the dielectric sensors, the Advise system was connected to the autoclave control PC by 
Ethernet cable.  Advise configured the software to send readings for conductivity, viscosity and 
degree of cure on each of the 2 channels to the autoclave PC at each timestep.  With ASC’s 
assistance, the autoclave control software was modified to read these values and add them to the 
list of items which can trigger a change of segment.   
It is now possible to trigger a change of segment when a desired conductivity, viscosity or degree of 
cure is reached at one or both of the dielectric sensors.  In order to achieve the lowest energy usage 
for the required 85% degree of cure, the final two runs (one dual hold and one single hold) were 
moved to the cool down segment when both sensors registered a degree of cure of 85% or more.   
Results are included for both of these, and, for comparison, for a dual hold cycle where the dielectric 
sensor in the thinner end of the wedge failed, so the autoclave was moved to the cool down part of 






Figure 5.23: Autoclave thermocouple and pressure sensor output for failed cure cycle 5.  Here the dielectric 
sensor in the thin end of the wedge failed, so the autoclave was moved to the cool down segment when only 
the thick end had reached 85% degree of cure, resulting in a more truncated cure than true cure cycle 5.  
Hereafter referred to as cycle 7.   
This demonstrates the utility of placing sensors in part areas of different thicknesses when seeking 
to optimise a cure cycle, as triggering the cooldown based only on the thickest step means the 
thinnest step does not reach the required degree of cure.  In this particular instance, a trigger based 
only on the thinnest step would deliver a minimum of 85% degree of cure to all areas- but we would 
not have a sensor tracking the difference between the two extremes, and for different materials or 
part designs it may not necessarily be the thinnest area that reaches the desired degree of cure most 
slowly.   
In all of these cases, the significantly shortened (second) hold means the different steps of the 
wedge have experienced very different cure cycles, thus, their properties may be expected to vary 





Figure 5.24: Autoclave thermocouple and pressure sensor output for cure cycle 5.  After the initial hold at 
110○C, the cure proceeds towards a 180○C hold as in cure cycle 1.  When the Advise DETA dielectric sensors in 
both extremes of the wedge report a degree of cure of 85% or more (the thick end reaches 85% first), the 
autoclave automatically moves to the cool down segment of the cure.   
 
Figure 5.25: Autoclave thermocouple and pressure sensor output for cure cycle 6.  The autoclave ramps up the 
temperature towards 180○C for a single hold, and automatically moves to the cool down phase when the 





5.7.1 Exotherm temperatures 
The thickest end of the wedge, step 5, undergoes a noticeable exothermic reaction in all of the cure 
cycles, exceeding the desired hold temperature by up to 38 ○C in the most extreme case.  Step 4 also 
shows such a reaction, on a smaller scale- the largest step 4 exotherm is 15 degrees above the hold 
temperature.   
 Step 5 exceed hold temp by (○C) Step 4 exceed hold temp by (○C) 
0) Recommended  21 4 
1) Recommended repeat 19 3 
2) Single hold 38 15 
3) 2 hold cool 16 7 
4) 1 hold cool 19 6 
5) 2 holds truncated 14 2 
6) 1 hold truncated 31 10 
7) 2 holds over-truncated 14 1 
Table 5.3: Exotherm extent in steps 4 and 5, to the nearest ○C.  The autoclave’s stated accuracy is +/- 3○C.  
Single hold cures are highlighted and 160○C cures are in italics.   
As can be seen in Table 5.3, for the 180○C cures the exotherm on both steps is significantly higher 
during a single hold cure than a dual hold, demonstrating the effect of the initial 110○C  hold in 
keeping the part closer to the desired cure cycle.  For the dual hold cures at 180○C, step 4 remains 
within the autoclave accuracy of the desired temperature, except for the initial run where it 
exceeded this by only 1○C.   
Step 5 is twice the thickness of step 4, so the larger exotherm is unsurprising, but may represent a 
limit on the advisable thickness for parts made of this material.  For thicker parts, if an exotherm is 
considered problematic, a dual hold cure cycle- or perhaps even another intermediate hold- could 
be considered advisable.   
Assessing whether or not the exotherm has caused a significant degradation in material properties 
would be required in order to determine whether or not this is necessary.  In this study, only degree 
of cure and glass transition temperature (Tg) were assessed as these also provide points of 
comparison for the sensor technologies under test.   
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5.7.2 Material properties  
5.7.2.1 Sample extraction 
Each wedge was cut into steps and sectioned, separating the side containing the thermocouples 
from the 8552 only side.  The sensors at the thin and thick extremes were also sliced off or ignored, 
leaving a usable block of material from each step.  The materials laboratory which carried out the 
tests was instructed to take samples from the centre- in all three directions- of each step (ignoring 
the extra length for the DC and DEA sensors at each end), or as near as reasonably practical.   
 
Figure 5.26: Approximate indication of cutting lines (red) and possible sample sites (blue) on stepped wedges, 
with samples from close to the central red line being preferred.  Samples were supposed to be taken from the 
centre of each step vertically, though in some DMA samples this was not the case.  These were repeated and 
the effect of sample positioning is highlighted in the DMA section.   
Cutting the wedges and all DSC and DMA tests, with the exception of one DMA for comparison 
purposes, was carried out by the NCC Materials Laboratory team.   
5.7.2.2 Digital Scanning Calorimetry 
Digital Scanning Calorimetry tests were carried out with reference to a sample of the uncured 8552 
prepreg, from the same roll.  The total enthalpy of reaction for the uncured prepreg was measured 
as 200J/g ±2%, i.e. 200±4 J/g 
For each step on each wedge, three samples were used for DSC.  The degree of cure was calculated 
by subtracting the residual enthalpy of cure from 200±4J/g and dividing the result by 200±4J/g.  The 
mean of the three samples is the quoted DSC degree of cure.  The error on the mean was calculated 




However, the acceptance criterion on the calibration certificate for the DSC Q2000 is ±2% on each 
measurement of enthalpy, as shown above. As two measurements are used for each degree of cure, 
propagation of errors gives an error of ±0.03 on each individual measurement and ±0.02 on each 3 
measurement mean.  Hence the experimental error from the equipment is greater than the 
statistical error on the mean for the sets of three.  Therefore, the DSC degree of cure quoted below 
is considered to have an experimental error of ±0.02 (or ±2 if expressed as a percentage).   
 Thin end        Degree of cure by DSC (%), all values ±2          Thick end 
Cure cycle Step 1 Step 2 Step 3 Step 4 Step 5 
0) Recommended  93 95 94 93 95 
1) Recommended repeat 93 95 93 94 97 
2) Single hold 96 95 96 95 99 
3) 2 hold cool 87 87 87 87 88 
4) 1 hold cool 86 87 87 88 88 
5) 2 holds truncated 88 89 90 93 94 
6) 1 hold truncated 88 90 90 93 99 
7) 2 holds over-truncated 79 82 83 88 91 
Table 5.4:  Degree of cure of each step in each wedge as determined by Digital Scanning Calorimetry, taking 
the mean of three tests for each value.   
As shown in Table 5.4, for each of the 6 cure cycles under test all steps exceeded the required 
minimum of 85% degree of cure, though it should be noted that due to experimental error it is 
possible that step 1 on the single hold cool run may fall slightly below this, as the possible range is 
84% to 88%.  Unsurprisingly, in cycle 7, where the cool down was triggered only by the thick end 
exceeding 85% degree of cure, the thinner end does not reach this requirement.  This demonstrates 
the importance of placing sensors in more than one location for a part of varying thickness.   
As might logically be expected, there is less variation in degree of cure in cycles with a longer final 
hold, where the extra hold time allows the thin end to catch up with the thick end.  From the over-
truncated cycle 7 it is known that the thick end reaches 85% degree of cure during the exotherm, 
whereas here the thin end is kept at a lower temperature as the autoclave cools to control the 
exotherm, leading to the largest range of degree of cure results in a single wedge.   
For cure cycles 5 and 6, set to cool down when both ends had reached at least 85% degree of cure, it 
seems that the cure continues during cooling, as step 1 reaches 88% degree of cure in both cases.   
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Cure cycles 3 and 4 were also intended to achieve 85% degree of cure by using a lower temperature 
(second) hold.  Both exceeded this slightly, sufficiently that (except in the case of cure 4 step 1) we 
can be sure that the DSC experimental error does not put them below the required value.   
Here the comparison between single and double hold cures only yields a difference in the standard 
temperature (180 ○C (second) hold) regime, whereas for the cool cure cycles, the differences 
between cycle 3 and cycle 4 are less than the experimental error on the DSC measurement.  In the 
standard temperature regime we see a difference of greater than experimental error at the thick 
end of the wedge, with the single hold cures achieving a greater degree of cure, almost certainly due 
to the larger exotherms as shown previously.  This suggests that the initial hold at a lower 
temperature acts to decrease the exotherm in a thick stack of material when the higher temperature 
is reached. 
5.7.2.3 Dynamic Mechanical Analysis 
Dynamic Mechanical Analysis was also carried out on samples from each step of each wedge, in 
order to determine the glass transition temperature, Tg, of each.  The Tg value given by the tan δ 
curve from the DMA result is used here, as this is the value estimated by the model in the DEA 
software and the Raven simulation.   
Here the position of the peak is given by the TA analysis software.  Repeated measurements of the 
same peak using this software showed the variation due to random error could be up to ±3ºC.  This 
must be combined with the error on the machine itself.  At the 2016 calibration the DMA machine in 
question was found to be 4.49ºC out of calibration.  As this drifts over time, leading to systematic 
error, and the measurements were carried out over more than a year, the error may be anything up 
to this amount.  Erring on the side of caution, and adding the possible error in both the DMA output 
and measurement of the peak, the error can be up to ±8ºC.  
An example of the software output is shown in Figure 5.27.  For reasons of space, full results for all 
runs are not shown here.  It can be seen that for cure cycle 1, the manufacturer’s recommended 
cure cycle, the tan δ peaks for each step appear to line up.  The Tg estimates for each step are within 






Figure 5.27:  DMA results for the first stepped wedge, cure cycle 1 (standard).  The cure cycle is shown on the 
inset graph.  Tan δ is shown for all five steps, from 1 (thinnest) to 5 (thickest).   
DMA results 
 Thin end   Tg by DMA tan δ peak(○C), all measurements ±8○C   Thick end 
Cure cycle Step 1 Step 2 Step 3 Step 4 Step 5 
0) Recommended  235 237 237 240 235 
1) Recommended repeat 241 236 238 241 238 
2) Single hold 238 233 240 239 229 
3) 2 hold cool 205 212 214 209 212 
4) 1 hold cool 190 194 214 215 216 
5) 2 holds truncated 206 213 216 221 229 
6) 1 hold truncated 211 212 218 227 230 
7) 2 holds over-truncated 172 172 185 206 228 
Table 5.5: Tg measured by DMA tan δ for each step in each wedge.  For cure cycle 2, a drop in Tg can be seen 
for step 5- this may be due to degradation caused by the exotherm.  Anomalous results in red. 
For cure 4, the part has been held at 160 degrees for the full hold time and there is little difference 
in the temperature profiles for step 3 and steps 1 and 2.  It is therefore suspected that the 
anomalously low values for steps 1 and 2 are erroneous.  Unfortunately it was not possible to repeat 
the DMA measurements for cure 4.   
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5.7.3 Technology Evaluation 
The Advise DETA dielectric monitoring system (DEA) calculates Tg and degree of cure based on the 
material response to the alternating current, along with an in-built mathematical model of the resin.  
This model is based on the NCAMP model for 8552 [23], the same as is used in the Raven simulations 
and the post-processed estimates of Tg provided by Synthesites.  In this model Tg and degree of cure 
are not independent, one can be calculated from the other.  However, the laboratory based tests for 
each are independent, so provide two points of comparison for the technologies being evaluated.  
  
 Cycle Ramp to Hold Ramp to Hold Ramp to End 
0 Recommended 110○C 1 hour  180○C 2 hours 60○C Purge 
1 Recommended 110○C 1 hour  180○C 2 hours 60○C Purge 
2 Single hold 180○C 3 hours - - 60○C Purge 
3 2 hold cool 110○C 1 hour 160○C 2 hours 60○C Purge 
4 1 hold cool 160○C 3 hours - - 60○C Purge 
5 2 hold DEA triggered 110○C 1 hour 180○C 85% cured 60○C Purge 
6 1 hold DEA triggered 180○C 85% cured - - 60○C Purge 
7 2 hold over-truncated 110○C 1 hour 180○C 85% step5 60○C Purge 
Table 5.6: Cure cycles.  The reader is strongly advised to take a photograph of this for easy reference. 
 
5.7.3.1 Comparison of sensor results, laboratory tests and simulation 
Raven simulations 
Two sets of simulations were carried out in Raven, both using the NCAMP model for 8552.  The 
material model for Hexcel 8552 in Raven refers to an AGP 193-PW (woven) reinforcement.  This 
should be equally applicable to the case of the unidirectional IM7/8552 used here as the 
reinforcement should not affect the resin cure.  The two sets of simulations are referred to as: 
Sim- simulations of heat transfer and cure for each step on each cure cycle, using a 1-dimensional 
heat transfer model based on the theoretical, idealised cure cycles as described in Table 5.2.   
Sim_data- simulations of cure for a point at the centre of each step on each cure cycle, using data 
from thermocouples embedded in the centre of each step (vertically and horizontally), hence 
following the actual thermal profiles experienced by the part.  As temperature is measured directly 
and the simulation models the cure only at the point of the thermocouple readings, there is no heat 




As the autoclave cools automatically in an attempt to control the exotherm in the thick end of each 
part, and considers each hold to have started only after the thinnest end is within 5○C of the target 
temperature, the real temperature profiles are always different to the theoretical cure cycles.   This 
explains the significant difference between the Sim results and all other measurements.   
For Sim_data, the data from each thermocouple embedded in the part during the cure was imported 
into Raven and used to create a cure cycle, and for each a simulation of the cure of the material 
based on the actual temperature history was created.   
The difference between the theoretical cure cycle used in the initial Sim and that measured by the 
thermocouples for each step used in Sim_data result in different estimates of degree of cure and Tg, 
as can be seen by comparing Figure 5.28 and Figure 5.29.   
This is likely to be unaffected by the choice of boundary conditions as the difference between the 
temperature profiles is significant.   
The theoretical, Sim,  model for step 5 of cure cycle 1 predicts an exotherm to 275○C in the centre of 
step 5, 95○C above the desired hold temperature (Figure 5.28).  The effect of autoclave cooling on 




   
Figure 5.28: Sim: Theoretical simulation for Step 5 in cure cycle 1.  The cure cycle is shown in blue, and the 
expected temperature of the part at the top (full line) middle (dashed line) and bottom (dotted line) is in cyan.  
Degree of cure (blue dashed line), Tg (red line) and resin viscosity (green line) are shown for the centre of the 
step.  Degree of cure is on the external right axis and resin viscosity on the internal right axis. 
 
Figure 5.29: Sim_data: Simulation for Step 5 of cure cycle 1 based on thermocouple data from the centre of 
the step.  The temperature profile from the thermocouple is the blue line.  Degree of cure is on the external 




Both the Sim and Sim_data simulations can be compared to the results of the DSC and DMA 
laboratory tests.  If simulation is to be used in optimising cure cycles, it is useful to know how closely 
this may represent reality.  
   Tg (○C) by DMA, simulation from thermocouple data and theoretical cure simulation  






















0 235 215 215 237 215 216 237 215 219 240 215 244 235 216 250 
1 241 215 215 236 215 216 238 215 219 241 215 244 238 216 250 
2 238 216 216 233 216 217 240 216 220 239 216 250 229 219 250 
3 205 192 193 212 192 194 214 192 198 209 193 233 212 194 250 
4 190 194 195 194 195 196 214 195 199 215 195 230 216 196 250 
5 206 182 145 213 184 154 216 188 175 221 198 220 229 207 250 
6 211 181 127 212 183 135 218 188 156 227 202 186 230 212 21 
7 172 148 127 172 142 135 185 160 146 206 176 204 228 195 221 
Table 5.7: Tg by DMA compared to Raven simulations based on thermocouple data (Sim_data) and on 
theoretical cure cycles and heat transfer model (Sim).  Results for each step from thin (Step 1) to thick (Step 5).  
DMA results in red are considered anomalous.   
  Degree of cure(%) by DSC, simulation from thermocouple data and theoretical cure simulation 






















0 93 89 89 95 89 89 94 89 90 93 89 98 95 89 100 
1 93 89 89 95 89 89 93 89 90 94 89 98 97 89 100 
2 96 89 89 95 89 90 96 89 91 95 90 100 99 90 100 
3 87 81 82 87 81 82 87 82 84 87 82 92 88 82 100 
4 86 82 82 87 82 83 87 82 84 88 83 94 88 83 100 
5 88 78 65 89 79 68 90 80 76 93 83 91 94 86 100 
6 88 78 59 90 79 61 90 80 69 93 85 79 99 88 14 
7 79 66 58 82 64 61 83 70 65 88 76 86 91 82 91 
Table 5.8: Degree of cure by DSC compared to Raven simulations based on thermocouple data (Sim_data) and 
on theoretical cure cycles and heat transfer model (Sim).  Results for each step from thin (Step 1) to thick (Step 




Figure 5.30: Comparison of Tg by DMA tan δ peak (green), Raven simulation based on thermocouple data 



















































































The comparison for Tg is shown in Figure 5.30.  It is notable that the simulation based on real 
thermocouple data, Sim_data, gives consistently lower values than that measured by DMA, with the 
exception of Steps 1 and 2 for cure cycle 4, which; as highlighted in Table 5.5, should be considered 
unreliable. 
The difference between the theoretical, Sim, and actual, Sim_data, temperature profiles on the 
output of the Raven simulation is demonstrated by steps 4 and 5 in all cure cycles, showing the 
effect of the autoclave cooling on the temperature in the thicker steps.  For the truncated cycles, 5-
7, this can also be seen in the thinner steps, as they cool along with the autoclave and hence spend 
little or no time at the desired hold temperature before the cooldown.   
As Tg and Degree of cure are linked in the NCAMP model, the expected reflection of the results in 
Figure 5.30 is seen in Figure 5.31, with the theoretical simulation, Sim,  showing differences to that 
based on thermocouple data, Sim_data, in accordance with the autoclave behaviour, with the 
addition of a very low degree of cure for step 5 in cure cycle 6.  Notably, the theoretical simulation, 
Sim, predicts that step 5 in cure cycle 6 will not reach the required hold temperature, whereas in 
reality we see an exotherm, supporting the assertion that simulation based on theoretical, ideal cure 
cycles may be of limited use in modelling the behaviour of a real autoclave, particularly where there 
is a significant variation in part thickness as is the case here.   
The difference between the Tg predicted by the simulation when based on the thermocouple data, 
Sim_data, and the Tg measured by the DMA is greater than the experimental error on the DMA, 
suggesting that the model as implemented in the Raven software is not quite representative of 
laboratory results.  Disregarding steps 1 and 2 for cure cycle 4, a mean offset of 23○C with standard 
deviation of 5○C and error on the mean of 1○C is found, though this is unlikely to be a constant- it can 
be seen from the graphs in Figure 5.30 that the offset is lower for the cool cure cycles, and higher for 





Figure 5.31: Comparison of Degree of Cure by DSC (green), Raven simulation based on thermocouple data 
(Sim_data) (darker blue) and Raven simulation based on theoretical cure cycle (Sim) (lighter blue).   
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Similarly, a comparison between the two types of Raven simulations and the DSC measurements of 
degree of cure can be seen in Figure 5.31.  As for Tg, the simulations based on thermocouple data, 
Sim_data,  give lower estimates of degree of cure than the readings obtained in laboratory tests.   
As Sim_data tends to give lower values than the DSC results, in the cool cure cycles 3 and 4 one finds 
that while the simulation does not expect the material to quite reach the required 85% degree of 
cure, in line with the process map (Figure 5.20) prediction of 82%, the DSC results indicate that this 
has been achieved for all steps in both cure cycles.  Truncated cure cycles 5 and 6 also achieve in 
excess of the required 85% degree of cure in all steps, though Sim_data predicts that only the thicker 
steps would achieve this.  The difference between Sim_data and the DSC result is far larger for the 
truncated cures, especially the thinner steps in the over-truncated cure cycle 7.   
As the simulation based on ideal cure cycles, Sim, is not representative of the real cure cycles carried 
out in the autoclave, only the simulation based on real temperature data, Sim_data, is used for 
comparison to laboratory and DEA data hereafter.   
The validity of the model as implemented in the Raven simulation may be further investigated by 
comparing the Tg -degree of cure relationship from the simulation based on real thermocouple data, 
Sim_data, to the implied relationship from the DSC and DMA results.  Figure 5.32 shows this 
relationship for the laboratory tests.  While there is some variation, a clear trend can be seen and 
similar cure cycles are grouped together.   
Figure 5.33 shows the relationship for Sim_data, which, by comparison to Figure 5.34 can be seen to 
follow the Tg -degree of cure relationship from the NCAMP model as expected, which follows the 
DiBenedetto model [40]–[42] as in Equation 2.14 using the parameters shown in Figure 5.34 (α is 






1 − (1 − 0.78)𝛼
(5.1) 
 
However, comparing the two datasets, DSC-DMA and Sim_data, as shown in Figure 5.35, shows 
significant differences between the Raven results and those measured in the laboratory.   
The model does not include the drop in Tg due to degradation at a high degree of cure, which we see 
in the step 5 results for the two full temperature single hold runs.  This is expected based on Figure 
5.34.   
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Removing the results due to Tg degradation and the two anomalous results from cure 4 it can be 
seen in Figure 5.35 that the Sim_data results are uniformly lower in both Tg and degree of cure than 
the laboratory measurements, but the majority of the laboratory measurements- with the exception 
of the most undercured steps from the over-truncated cure cycle 7-  appear to be within 
experimental error of the trendline formed by the Sim_data results, which is the NCAMP Tg -degree 
of cure relationship.  The Raven simulation based on this model cannot be considered reliable for 
use in cure optimisation for this dataset without a correction (estimated by eye to be approximately 
+5% degree of cure and +20○C Tg), as the simulation results lie far lower on the trendline than those 
obtained by laboratory measurements. 
This suggests that the lower figures given by the Sim_data Raven simulations are unlikely to be due 
to the relationship between Tg and degree of cure, so the discrepancy may be due to a difference 
between the cure kinetics model (or implementation thereof) and the behaviour of the resin.  The 
cure kinetics model is given in Chapter 2 and the NCAMP for Raven documentation [44].This is based 
on laboratory tests carried out using material bought in 2006, with results presented in 2009 [23], 
[44].  As these tests were carried out approximately a decade prior to the work presented here, it is 
possible that a change has been made to the resin formulation- or that there is significant variation 
between batches.   
The results from cure cycle 7 suggest there may also be an issue with the Tg -degree of cure 
relationship at lower degrees of cure, but from this limited dataset this cannot be ascertained with 




Figure 5.32:  Tg - degree of cure relationship for 8552 based on laboratory tests, DMA tan δ peak and DSC 
respectively.  Red oval: steps 1 and 2 for cure cycle 4, DMA thought to be anomalous.  Blue oval: step 5 from 
cure cycles 2 and 6, where the exotherm is highest and degree of cure is highest.  Purple: Standard 
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Figure 5.34: The study used to develop the NCAMP model shows that the drop in Tg at high degree of cure due 
to degradation is not included in this model.  Reproduced from [23] 
 
Figure 5.35: Laboratory and simulation based on thermocouple data results for Tg - degree of cure relationship, 
disregarding laboratory results showing Tg degradation and anomalies.  2nd order polynomial trendlines.   
205 
 
The model- even after the suggested correction- can be considered a reasonable approximation to 
reality only in the range indicated by the two clusters of results on the graph.  At a lower degree of 
cure the results curve below the trendline, as shown by cure cycle 7, and at a higher degree of cure 
degradation takes place, which is not included in the model.  The divergence of the two trendlines at 
the upper cluster suggests that there may also be a difference between reality and the model 
trendline here, but experimental error means this cannot be stated with certainty.   
 
Advise DETA Dielectric Cure monitoring 
The flexible dielectric sensors (DEA) for the Advise DETA system were embedded into the vertical 
centre of the thin and thick extremes of each part- step 1 and step 5.  The system uses the same 
NCAMP material model as that used in the Raven simulations [23], [44], but has a different 
implementation, using the signal from the dielectric sensor to calculate degree of cure based on the 
imaginary impedance maximum (similar to [105], model is proprietary), then relating this to Tg using 
the DiBenedetto relationship from the NCAMP model[23].   
Conductivity, degree of cure and Tg signals from the two channels currently available are sent at 
each timestep to the autoclave control PC and can be used in programming the autoclave.  The 
truncated cure cycles (5 and 6) were programmed to move to the cool down segment when both 
sensors, at both extremes of part thickness, showed 85% degree of cure or higher.   
In the first attempt at doing this on a dual hold cycle, the sensor in the thin end of the wedge failed, 
meaning the autoclave was moved to cool down when only the thick end had reached the required 
85% degree of cure.  This was recorded as cure cycle 7, for comparison to the successful cure cycles 
5 and 6 carried out afterwards.  Therefore cure cycle 7 has no thin end DEA measurement of Tg or 
degree of cure.   
The sensors can track these properties throughout the cure, but for comparison to laboratory tests 
and simulation, only the final measurements of Tg and degree of cure by the DEA sensors are used.   
The error on Tg, stated by the manufacturer, is ±5○C and the error on degree of cure, again according 





Figure 5.36: Comparison of Tg measurements for the thin end of the wedge (Step 1) for each cure cycle.  Error 
bars are ±8○C for DMA and ±5○C for DEA. Note that the DMA measurement for cure cycle 4 is anomalous, here 
the DEA measurement is noticeably higher than the DMA measurement. 
 
Figure 5.37: Comparison of Tg measurements for the thick end of the wedge (Step 5) for each cure.  Error bars 
are ±8○C for DMA and ±5○C for DEA. The two full temperature single hold cures, where step 5 experienced Tg 
degradation, are the only cases where the DEA measurement exceeds the DMA measurement.   
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Figure 5.36 and Figure 5.37 show that in most cases the Advise DETA measurements of Tg are within 
experimental error of those obtained by DMA.   
   Tg (○C) 
  Step 1 Step 5 












0) Recommended  235 224 215 235 226 216 
1) Recommended repeat 241 224 215 238 225 216 
2) Single hold 238 224 216 229 247 219 
3) 2 hold cool 205 200 192 212 202 194 
4) 1 hold cool - 200 194 216 202 196 
5) 2 holds truncated 206 207 182 229 222 207 
6) 1 hold truncated 211 208 181 230 233 212 
7) 2 holds over-truncated 172 - 148 228 219 195 
Table 5.9: Comparison of Tg results from DMA, DEA and Raven simulation based on thermocouple data.   
The repeat of cure cycle 1, where the DMA measurement is notably higher than the first run (‘0’) is 
outside experimental error on the thin end by 4○C and cure cycle 4 is outside experimental error on 
the thick end by 1○C, though both follow the general trend, shown by almost all of the data points, of 
the DMA measurements being slightly higher than the DEA.   
The DEA measurement of Tg is higher than the DMA measurement in Step 5 (thick extreme) for cure 
cycles 2 and 6, both of which are single holds at 180○C.  As seen in the previous section, here there is 
a large exotherm and the step reaches a very high degree of cure, consequently some degradation in 
Tg is expected.  The NCAMP model does not allow for this and the Advise implementation of it does 










  Degree of cure (%) 
  Step 1 Step 5 












0) Recommended  93 92 89 95 93 89 
1) Recommended repeat 93 92 89 97 92 89 
2) Single hold 96 92 89 99 99 90 
3) 2 hold cool 87 84 81 88 85 82 
4) 1 hold cool 86 84 82 88 85 83 
5) 2 holds truncated 88 87 78 94 91 86 
6) 1 hold truncated 88 87 78 99 95 88 
7) 2 holds over-truncated 79 - 66 91 90 82 
Table 5.10: Degree of cure results from DSC, DEA and Raven simulation based on thermocouple data 
The Advise DETA measurements of degree of cure are almost all within experimental error of those 
found by DSC, with the DEA degree of cure tending to be slightly lower.  This can be seen in Figure 
5.38 and Figure 5.39 for the thin and thick ends of the wedges respectively.   
This is no bad thing where the degree of cure from the DEA system is used to control the autoclave, 
as if the sensor slightly underestimates, we can be confident that the part has achieved the required 
degree of cure- even more so when the extra cure during cooldown is taken into account.   
The only point not within experimental error is step 5, the thick end of the wedge, for the repeat of 
the recommended cure cycle (1), where the difference is 5%.  There is of course no point of 




Figure 5.38: Comparison of degree of cure measurements for the thin end of the wedge (Step 1) for each cure 
cycle.  Error bars are ±2% for DSC and ±2% for DEA.  The target of 85% degree of cure is marked in yellow. 
 
Figure 5.39: Comparison of degree of cure measurements for the thick end of the wedge (Step 5) for each cure 
cycle.  Error bars are ±2% for DSC and ±2% for DEA.  The target of 85% degree of cure is marked in yellow.   
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Output of the DEA sensors over a full cure cycle can also be compared to that from the Raven 
simulations based on thermocouple data.  Figure 5.40 shows this for the manufacturer’s 
recommended cure cycle.  The DEA sensor output gives a higher degree of cure than the simulation 
throughout, but when the DEA signal has levelled off, the Raven simulation continues to climb 
slightly for a little longer before levelling off at a lower figure.  The difference between the final 
values of degree of cure from DEA and Sim_data is hence greater for truncated cure cycles at the 
thin end of the wedge.  As both the DEA system and Sim_data Raven simulation relate Tg to degree 
of cure using the NCAMP model [23], the former follows the same trend as the latter.   
 
Figure 5.40: Comparison of degree of cure data for the thin (upper) and thick (lower) ends of the stepped 
wedge throughout the manufacturer’s recommended cure cycle.  Temperature measurements in red, data 




Plotting Tg vs degree of cure, as for Sim_data, in Figure 5.41 shows the DEA results follow the same 
trendline as the simulations, as expected given the shared DiBenedetto equation from the NCAMP 
model.  However, the DEA results are far closer to  those obtained by the laboratory tests.  A smaller 
correction of approximately 2% degree of cure and 12○C Tg would bring the majority of DEA results in 
line with the DMA tests, and even without this most are within experimental error.   
This supports the assertion that the difference between the Raven Sim_data results based on the 
real thermal history of the part and the laboratory DMA and DSC results is likely due to the cure 
kinetics component of the model rather than the Tg-degree of cure relationship, as this Tg-degree of 
cure relationship is the same for the DEA results, but the DEA system initially calculates degree of 
cure based on the dielectric sensor signal (as discussed in Chapter 2).   
It is unfortunate that due to a sensor failure there is no point of comparison for the lower degree of 
cure and Tg results, from cure cycle 7.  It seems likely that if the trendline is followed the DEA results 
would be inaccurate in this region, but this cannot be determined without further testing.   
 
Figure 5.41: Comparison of DEA sensor results to laboratory DMA and DSC tests and Raven simulations based 
on thermocouple data, following Figure 5.35.  The laboratory results showing Tg degradation and those which 
are anomalously low Tg are not included.  The uppermost DEA result is the equivalent of one of these where 




Figure 5.42: Output from Advise DETA system for cure cycle 1.  The top pane shows conductivity (white) and 
temperature (red) in step 1.  The middle pane shows viscosity in step 1 (white) and step 5 (red).  The lower 
pane shows degree of cure in step 1 (white) and step 5 (red).   
The resin viscosity output from the Advise DETA system indicates when gelation takes place.  In 
Figure 5.42, when the viscosity reaches the maximum signal and levels out, gelation has occurred.  If 
this model is accurate, even on the standard, manufacturer recommended cure cycle, gelation 
occurs near the top of the ramp to the second hold- during the exotherm for the thick end of the 
part and as the autoclave cools to control said exotherm for the thin end.  This may lead to different 
thermal stresses being present in the two extremes, for they gel at the same time but at significantly 
different temperatures.  This effect is further exaggerated in a single hold cycle.   
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Figure 5.42 also shows the evolution of degree of cure during this cure cycle.  It is notable that, while 
85% degree of cure was chosen as the target for this study in order to obtain a range of results, if a 
higher degree of cure is required there is still scope to shorten the cure cycle considerably.  Degree 
of cure in both sensors levels off- meaning any remaining increases are too small to be detected- 
with over an hour remaining in the second hold.  This suggests that even where 85% degree of cure 
is not sufficient, there is nevertheless scope for shortening the cure cycle and delivering energy and 
time savings.   
Synthesites Optimold DC Cure monitoring 
The Synthesites system used a modified pass-through originally intended for a second Advise 
installation.  Therefore, the cables used are not the correct specification for the Optimold 
equipment- for example, the Advise equipment uses a type K thermocouple, while the Optimold 
equipment does not, so the temperature readings are offset from reality, as can be seen in Figure 
5.43. The temperature data from the autoclave thermocouples were provided to the Synthesites 
team along with the sensor data, in order to compensate for this.   
 
Figure 5.43: Optimold DC sensor output for cure cycle 1.  The thick lines represent temperature and the thin 
lines resistance.  The offset in temperature can clearly be seen here- the first hold is at 110○C for both ends of 
the wedge, and the second at 180○C, again for both ends.  The orange highlight shows a feature which the 
Synthesites model for this resin currently cannot fit, shown more clearly in Figure 5.45.   
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Synthesites have provided estimates of Tg from the sensor readings and temperature data from the 
Type J thermocouples, based on the same NCAMP material model used for the Raven simulations, 
though using their own method.  Figure 5.44 is an example of this.   
 
Figure 5.44: Illustration of Tg estimate provided by Synthesites, in this case for cure 0 at the thin end.   
Estimates for degree of cure were not provided, but since the NCAMP model is used, these could in 
principle be estimated using the Tg -degree of cure relationship from that model, as used in both the 
Advise DETA and Raven cases.  They have not been able to provide Tg estimates for all the cures, but 
have been given a sample of the material and the DSC and DMA results from this experiment so that 
they may refine their model for future use.   
Synthesites declined to provide estimates for the truncated cures (5-7) as some of the results 
showed a feature inconsistent with their model for the resin, highlighted in Figure 5.45.  Later 
inspection showed that this feature can also be identified, though far smaller and less distinct, in 




   Tg (○C) 
  Step 1 Step 5 












0) Recommended  235 224 217 215 235 226 217 216 
1) Recommended repeat 241 224 215 215 238 225 218 216 
2) Single hold 238 224 207 216 229 247 208 219 
3) 2 hold cool 205 200 193 192 212 202 196 194 
4) 1 hold cool - 200 197 194 216 202 198 196 
5) 2 holds truncated 206 207 - 182 229 222 - 207 
6) 1 hold truncated 211 208 - 181 230 233 - 212 
7) 2 holds over-truncated 172 - - 148 228 219 - 195 
Table 5.11: Table of results comparing Tg estimates by DMA, DEA, DC sensors (Optimold) and Raven simulation 
based on thermocouple data.  Synthesites did not supply an indication of the error on their Tg estimate.   
 
Figure 5.45: Optimold sensor outputs for cure cycle 7.  The thick lines denote temperature and the thin lines 
denote resistance.  Note the offset between the temperature measurements, these are not correct, but can be 
corrected in post-processing.  However, Synthesites indicated that the plateau in the resistance lines 
(highlighted in orange) cannot be fitted to their model.  
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Both the connections for the sensors and the model used to calculate Tg therefore must be seen as 
unreliable at this stage.  For these reasons, the Optimold data should be regarded with caution, 
though these problems can in principle be overcome for future trials through use of a new pass-
through and production of a full model for the resin system.  It is however possible to qualitatively 
assess the usability of the system.   
5.7.3.2 Practicalities and ease of use 
Integration of sensors with autoclave 
Where an autoclave has been constructed with pass-throughs to allow addition of sensors, the 
addition of the sensor cables and connection points can be relatively straightforward.  The inner and 
outer covers of the pass-through are removed, with the outer cover replaced with an appropriately 
pressure sealed plate with embedded connectors for the cables.  Inside the autoclave, heat and 
pressure suitable cables pass to connection boxes easily added to the inner wall. The connections 
between the cables and sockets in this box are however a weak point and have been known to fail.   
Should the autoclave not be designed to allow this, it is still possible to add such sensors but is much 
more difficult, and likely to be more expensive.   
The Synthesites Optimold results demonstrate the importance of using the correct cables for the 
sensor system.  Swapping from one system to another is not a simple matter of rewiring the end 
points to accept different cables.   
The physical cable setup needs to cope with not only heat and pressure but also vibration, which can 
contribute to loosening of connections both inside and outside the autoclave.   
Once the connection was set up, using the Advise DETA sensor signals as autoclave control 
parameters functioned as well as any other built in sensor, such as the integrated thermocouples.  
However, the monitoring software for both sensor systems is still run through a separate PC at 
present.  It is not known whether or not either system’s monitoring software could be fully 
integrated with the autoclave PC.   The setup however required work by both the software and 






Usage for cure monitoring 
In an industrial environment, equipment is expected to be ruggedised in order to cope with 
repeated heavy usage.  While cables running through an autoclave wall and a port can be set up in a 
suitable manner, the connections from the socket box to the flexible sensor, and the sensors 
themselves, are somewhat delicate.   
The Optimold flexible sensors must be manually wired into a connector each time they are used, a 
process too intricate and time consuming for repeated use in an industrial environment.   
The flexible sensors used in the DETA-scope system slot into a small, delicate electronics connector, 
housed in a protective cover made from a PEEK rod.  These connectors are very easily damaged, as 
shown in Figure 5.46.  As manipulation of a very small item is required, it would not be possible to 
connect these sensors while wearing heavy gloves.   
 
Figure 5.46: Damaged electrical connector for an Advise DETA-Scope flexible connector.  Approximately 1cm in 
width.  Connector and disconnected wire circled in blue.  Here the solder has given way when the sensor was 




Figure 5.47: Protective cover for connector, with flexible sensor attached.  Sensor ~1cm wide.   
The connection protectors, shown in Figure 5.47, are also somewhat intricate and would be very 
difficult to handle while wearing protective gloves of the sort often used in industry.   
The sensors themselves are delicate and can easily fail.   
The software for the Advise DETA-Scope is Labview based and provides a lot of information- while 
valuable, this is enough to be overwhelming to the inexperienced user.  A simplified interface would 
be useful.  It does include an option to check sensor connections before proceeding with a cure, 
which is useful.   
The Synthesites Optimold software is simpler to use and data collection can easily be stopped and 
restarted prior to the cure for sensor checking.   
Usage for active process control 
Only the Advise DETA-Scope system has been tested for active process control.  Connected to the 
ASC autoclave control system, the autoclave side is as easy to use as any other aspect of the 
autoclave programming software.  The DETA-Scope side however required some bespoke software 
creation by the manufacturer which, while sufficient to do the job, would benefit from being 
integrated with the main dielectric monitoring software- or better yet, a simplified version of the 
same.   
In the long run a full integration where both dielectric monitoring and autoclave control could take 
place through the same interface on the same PC would be ideal, but this depends on both software 
and corporate compatibility.   
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5.7.4 Energy and Cost 
Table 5.12 shows the energy usage for each of the cures, and an estimate of the cost based on an 
electricity cost of 12p+VAT=14.4p per kWh. [226] 
Comparative figures for the equivalent carbon dioxide (CO2) emission (CO2_e, kg) and the number of 
miles an average petrol car would drive for that amount of CO2 emission (Car miles) are based on the 
Carbon Trust’s conversion factors [14].   
Cure Energy 
(kWh) 




Step 1 Tg 
 (±8○C) 








0 180 26 95 282 235 235 93 95 
1 175 25 92 273 241 238 93 97 
2 184 26 96 287 238 229 96 99 
3 164 24 86 255 205 212 87 88 
4 156 23 82 244 
 
216 86 88 
5 129 19 67 201 206 229 88 94 
6 110 16 58 172 211 230 88 99 
7 135 19 71 211 172 228 79 91 
Table 5.12: Energy usage, cost, equivalent carbon dioxide emission and equivalent miles that can be driven in a 
standard petrol car for that amount of emission, for each cure cycle.  Tg values are as measured by DMA tan δ 
peak and degree of cure values are as measured by DSC.  The suggested optimum cure cycle of these options, 
6, is highlighted in green and the recommended cure cycle, 0, is highlighted in cyan for comparison.   
 
 Cycle Ramp to Hold Ramp to Hold Ramp to End 
0 Recommended 110○C 1 hour  180○C 2 hours 60○C Purge 
1 Recommended 110○C 1 hour  180○C 2 hours 60○C Purge 
2 Single hold 180○C 3 hours - - 60○C Purge 
3 2 hold cool 110○C 1 hour 160○C 2 hours 60○C Purge 
4 1 hold cool 160○C 3 hours - - 60○C Purge 
5 2 hold DEA triggered 110○C 1 hour 180○C 85% cured 60○C Purge 
6 1 hold DEA triggered 180○C 85% cured - - 60○C Purge 
7 2 hold over-truncated 110○C 1 hour 180○C 85% step5 60○C Purge 




As the thin end of the wedge did not reach 85% degree of cure during the shorter truncated dual 
hold, this is not considered an option.  So for the case where the part requires 85% degree of cure 
and a Tg of 211±8○C at the thin end and 230±8○C at the thick end is sufficient, it is possible to save 
per cure approximately 71kWh, the equivalent of 37kg of CO2 emission or 110 miles travel in a 
standard petrol car by using cure cycle 6, a single hold truncated, by active process control, at 85% 
degree of cure.  
 This is for a single hold cycle, where the thin end had a degree of cure of 88±2% and the thick end 
99±2%, according to DMA measurements.  Perhaps surprisingly, the truncated dual hold resulted in 
a greater gap in glass transition temperatures between the thin and thick ends, with the thin end 
only reaching 206±8○C and the thick end reaching 229±8○C.   
The realistic savings depend on the requirements for the part and the equipment and rate of 
production at the factory.  For this theoretical case, a factory running 2 cures per day, 5 days per 
week could over a year save approximately £5,300 and 19,300kg CO2_e, or for 3 cures per day, 7 
days per week, £11,100 and 40,400kg CO2_e.  
 It must be noted again that this is an example only and may not reflect reality, where factors 
including the part design; material chosen; requirements for the in-service part or parts (if there is a 
mixed load in the autoclave); the number of parts cured simultaneously; choice of cure method and 
efficiency of equipment will all have an impact.  A business may of course choose instead to increase 
production if the cures are shorter, if the other production activities required allow this to happen.   
We know from the dielectric cure monitoring that even if a higher degree of cure is required, there is 
the potential to shorten the cure cycle significantly for this particular material.  Note too that part 
thickness makes a difference- for the cheapest qualifying cure cycle, number 6, steps 2 and 3 
achieved 90±2% degree of cure and step 4 achieved 93±2%.   
The suitability of such truncated cure cycles depends on the part and the application for which it is 
intended.  Mechanical properties, not studied here, would need to be checked for any suggested 






5.8 Conclusions and Future Work 
The two cure monitoring technologies both show promise, but neither is yet fully ready for use in an 
industrial environment.  However, the results shown here demonstrate the potential to deliver 
significant cost, time and energy savings in the manufacture of composite parts by autoclave.   
For the material tested, Hexcel 8552, it was found that the exotherm in thick sections of the part can 
reach up to 38 degrees above the requested hold temperature, even with the autoclave actively 
cooling to control this.  A single hold cure leads to a larger exotherm than a dual hold cure.   
During the recommend cure cycle, it appears that the part gels just as the second hold is reached.  
Where there is a significant range of thicknesses in the part, this means gelation occurs at very 
different temperatures- the thick end is mid-exotherm while the thin end experiences cooling.   
The final degree of cure appears to be reached, to the limit of detection by the Advise DETA-Scope 
system, with over an hour remaining in the second hold, meaning that even where high degree of 
cure is needed there is scope for shortening the cure cycle provided the material properties resulting 
are suitable for the part.  Mechanical testing has not formed part of this study and would be useful 
in ensuring any part undergoing a non-standard cure cycle has the required properties.  A repeat of 
this study to investigate energy savings when aiming for a higher degree of cure may be useful.   
The Advise DETA-Scope system delivered estimates of degree of cure and glass transition 
temperature that were mostly within experimental error of those found by DSC and DMA laboratory 
tests.  However, the degradation in Tg which occurs at high degree of cure is not included in the 
material model used by the Advise system.   
The same material model is used in the Raven simulation software.  Here results for degree of cure 
and Tg found from simulations based on real thermocouple data were distinctly lower than those 
found by the laboratory tests and DEA system, though along a trendline- that of the aforementioned 
model- which appears close to the laboratory results at higher degree of cure and Tg.  At lower 
degree of cure and Tg the model may not match the laboratory results, as seen with the shortest 
truncated dual hold cure cycle, though the limited amount of data means this cannot be certain.   
As the DEA system uses only the Tg-degree of cure relationship from the material model, calculating 
degree of cure based on measurements from the dielectric sensors, and delivered results mostly 
within experimental error of laboratory measurements, it can reasonably be suggested that the 
discrepancy between the Raven simulation results based on real temperature data and the 
laboratory and DEA results appears to stem from the cure kinetics model or implementation thereof, 
estimating degree of cure based on thermal history.  
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It should be noted that the NCAMP model for Raven was published in 2009 and refers to material 
bought in 2006 [44] , whereas this work was carried out in 2017.  It is not known whether anything 
has been changed in the manufacturing of 8552 resin in that period.  Further studies to determine 
whether the resin properties have changed and characterise variation between batches would be 
useful, for this work was carried out using only a single batch of material.   
The real thermal profiles experienced by the test part were found to differ significantly from those 
predicted by a heat transfer model based on the programmed, theoretical cure cycles due to 
temperature control behaviour of the autoclave, which deviated from the programmed cure cycle to 
control the exotherm produced in the thicker steps of the wedge. Consequently these simulations 
are of limited use in predicting the resulting material properties.    
With the exception of the shorter truncated dual hold, which occurred when a sensor failed in the 
thin end of a wedge for a sensor controlled cure, all the cures achieved the required 85% degree of 
cure.  Lower temperature cures were found to deliver less variation in degree of cure and Tg among 
the different thickness steps of the wedge than truncated cures at the standard temperature, 
however the energy saving was much lower.   
This work has demonstrated the potential to save money, carbon dioxide emissions and time 
through cure cycle optimisation, and the use of dielectric sensors in active process control, allowing 
the required result to be achieved automatically on the day, based on the evolution of the resin at 
that time, rather than relying on a theoretical model which cannot take into account variations 
which occur in reality such as differences between material batches or deviations from the 
programmed cure cycle based on autoclave safety measures.  The active process control 
demonstrated in this work involved only automatically moving to autoclave cooling when a desired 
degree of cure is reached, leaving scope for far more to be done in terms of controlling the cure 





6 Knowledge Transfer Resource for Dielectric Cure Monitoring 
6.1 Exploring the Knowledge Transfer Resource 
This chapter presents a suggestion for an industrially targeted knowledge transfer resource, to aid 
technology in making the leap from academia to industry.  This is supplied in the form of a linked 
PowerPoint document, with two embedded videos.  The PowerPoint file- and separate copies of the 
videos in case of technology incompatibility- can be found on the supplied USB memory stick, along 
with some of the appendices to this work.   
The reader is encouraged to experience this chapter alongside exploration of the PowerPoint file, 
which is not linear.  Should the file fail to work, the author can be contacted for a new copy.  As a 
backup and for ease of reference, small copies of each slide are included as an appendix to this 
thesis - but please be aware that this printed version does not give the full effect.   
 
6.2 Principles and Structure 
6.2.1 Preferred Knowledge Transfer Methods Among Composites Workers 
Results presented in Chapter 3 show a clear preference for human-based knowledge transfer.  
Talking to both supervisors/line managers and other colleagues are both among the top 3 choices 
when searching for knowledge for the majority of people, more so for specific queries where 
approximately 70% of participants at SMEs, larger companies and the research institution put ‘other 
colleagues’ in their top three.  Supervisors/team leaders are slightly more popular as sources of 
knowledge at SMEs than in larger companies, approximately 70% and 50% respectively put them in 
the top three choices for answering specific queries.  For comparison, web search is chosen in the 
top 3 by 50-55% of company based participants for specific queries and 55-60% for generic queries, 
manuals are among the top three for 40% of company based participants for specific queries and 
30% for generic queries.   
There is demand for training courses, wanted by approximately 70-75% of company based 
participants.  Taught courses which participants have experienced are considered useful only by 40-
50% of participants, suggesting room for improvement.  Where possible, a course delivered in 
person is likely to be a good option, as the demand is clearly there and it gives the opportunity to ask 
questions.   
224 
 
As taught courses in person are not always practical, or for supplementary material that can be 
provided after a course, videos are included in the Knowledge Transfer Resource.  The videos are 
structured around people talking about the topic rather than voiceovers showing technology only. A 
person introducing something they have worked on may be able to express their enthusiasm for the 
topic and a human face is at least closer to interpersonal interaction than a text document.   
Though it is of course no substitute for a conversation, teaching or mentoring, it is hoped that this 
can be used to spark discussions among colleagues or encourage interested viewers to get in touch 
with those working in the field.  For the viewer, putting a face and voice to the work may make the 
idea of contacting a person to ask questions seem less daunting.   
The other very popular method of knowledge transfer is web search- the interlinked document is 
intended to mimic web browsing and includes links to external sources.  It can be hosted on a web 
server for online access and updated as technology changes.   
Academic papers are not a popular source of knowledge in industry.  The Knowledge Transfer 
Resource includes links to some papers both as citation of the sources of work and to encourage 
those who found the brief summaries interesting to read the full paper.   
6.2.2 Structure Based on Industrial Requirements 
The structure of the resource is based in part on work by Fabris and Poursartip [115] on Knowledge 
in Practice Documents, notably having a section for useful scientific background and a section 
constructed based on an industrial approach.  The latter includes the effect of the technology in 
question on decision making in five industrial categories:  Equipment, Tooling, Part, Material and 
Process and Producibility.  These categories were chosen based on consultation with the Composites 
Research Network’s industrial partners, as business decisions need to be made in each area.   
A Knowledge in Practice Document was written on the topic of dielectric cure monitoring by the 
author of this thesis, to fit with the Composites Research Network (University of British Columbia) 
proposed system for industrially focused knowledge transfer [115], during a secondment to that 
institution. Alongside decision making in each of the industrial categories, use cases for the 
technology are included where appropriate and case studies based on academic papers are added. 
This was the starting point for the PowerPoint Knowledge Transfer Resource discussed here. 
The structure used here is simplified, to fit with the less textual presentation, and seeks to introduce 
the important points while providing links to other sources for more detail.  It is intended to be easy 
to dip into depending on the reader’s requirements rather than something to be read from start to 
finish.  As the technology is discussed in a generic manner, there is no split by industrial sectors- it is 
expected that the reader will choose to view the case studies and information most relevant to her.     
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Emphasis is placed on demonstrating the utility of the technology and providing useful information 
that a company might need in order to make business decisions, such as pros and cons of different 
sensor types or how existing equipment may be modified to work with dielectric cure monitoring.  
Cost figures are not included as these are not always public and subject to change.   
 
 
Figure 6.1: Landing page of Knowledge Transfer Resource for Dielectric Monitoring in Composites 
Manufacture.   
While the landing page is split into ‘How it works’ and ‘Manufacturing use cases’, as shown in Figure 
6.1, these sections are interlinked where appropriate.  An industrialist may not wish to read the 
scientific background from start to finish, but can follow links to relevant sections from the 
manufacturing use cases, delivering the scientific knowledge necessary to understand the decision 
making.   
The Knowledge in Practice Document is also written in a manner which would allow an industrialist 
to start at the manufacturing section and look up background information where needed- but a text 
based document was preferred by CRN’s industrial partners.  It is of course possible to embed links 
in such a document when presented electronically.   
The ‘Manufacturing use cases’ section includes the categories of Equipment, Tooling, Part, Materials 
and Processes and Producibility- alongside clear links to case studies, a video relevant to one case 
study and relevant external material- in this case a good practice guide and a standard, this is shown 




Figure 6.2: Manufacturing use cases slide design showing the five industrial categories of Fabris and Poursartip 
[115] alongside links to case studies, a video and external references, plus a quick return to the landing page.   
The ‘How it works’ section includes useful scientific background, explained briefly with minimal 
jargon- and links to a glossary where necessary- and links to papers for those who wish to know 
more.  Examples from academic literature comparing the technology to other methods for 
measuring the same things  
This section includes practical aspects of how the technology works, such as the pros and cons of 
different sensor types and pages of useful hints and tips based on lessons learned from working with 
the technology.  These are linked to from appropriate areas of the manufacturing section- for 
example in the tooling decision making section, there is a link to tips for vacuum bagging.   
6.2.3 Format of Knowledge Transfer Resource 
The text-dominated, linear Knowledge in Practice document does not fit with the preferred methods 
of knowledge transfer expressed in response to the questionnaire in Chapter 3.  Alternative 
interfaces, including PowerPoint, were briefly discussed during the secondment to the Composites 
Research Network, but this Knowledge Transfer Resource was developed separately.   
A linked PowerPoint both fits with the popular option for web search and is more flexible than a 
linear document.  For example a case study can include links to a relevant area in the scientific 
background section, equipment considerations and an external resource such as a paper.  It is also 
easy to include a glossary, linked to from clickable, as well as multimedia elements such as video as 




Figure 6.3: Case study slide which links to the ‘How it works’ science section (comparison to laboratory tests) 
and one of the relevant industrial categories (Equipment), with reference to the source (Thesis).   
More emphasis is placed here on pictures and multimedia aspects, and the option to link both within 
the Knowledge Transfer Resource and to external sources is used to avoid repetition and guide the 
reader to useful material elsewhere.  Text is kept minimal, to allow the reader to skim quickly over 
material to begin with, with the option to follow links to papers and technology manufacturer’s 
websites if they wish to know more.   
The presentation is intended to be clear and easy to read.   
 
6.3 Development of Content 
Dielectric cure monitoring is a technology with the potential to benefit composites manufacturers a 
great deal, but very few are aware of this possibility.  In order for successful technology transfer into 
industry to take place, practical studies are not sufficient alone- knowledge transfer is a vital part of 
this.   
The Knowledge in Practice Document [115] written during the author’s time at the University of 
British Columbia was a starting point for some of the content, though it has been refined and 
material has been added, based on both the author’s own work, presented in Chapter 5, and 
relevant examples from the literature [17], [20], [24], [25], [46], [66], [86], [88], [101], [105], all of 
which are cited within the resource.  Including comparison of the sensor output from this little-
known technology to well-known laboratory tests was considered important.   
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Procurement of a bespoke autoclave for use with the cure monitoring systems has generated many 
lessons learned, which have been recorded.  In a demonstration of the value of building knowledge 
transfer practices into business processes, this document will ultimately be of the most use when 
people planning future large equipment purchases can easily search for it and refer to these lessons.   
Based on Chapter 3, a variety of knowledge transfer methods for Dielectric Cure Monitoring have 
been trialled.  A two day course, delivered at NCC to an audience of EngD students and technical 
staff received positive informal reviews, supporting the finding that interpersonal knowledge 
transfer is often preferred.  Material from that course was modified based on feedback and included 
in this Knowledge Transfer Resource.   
A short introductory video, with a human presence in order to get as close to ‘interpersonal’ as 
possible when not delivering a course in person, has been produced and is included herein.  A more 
The Knowledge Transfer Resource was trialled with an audience of EngD students during an 
introductory course.  Informal feedback was largely positive, and it was considered easy to use, 
though students did not follow links to external sources which explained concepts they may be 
unfamiliar with.    
 
6.4 Conclusion 
The Knowledge Transfer Resource focuses on practical, industrial applications for the technology and 
information that may be useful to a manufacturer of composite parts.  As such, the theoretical 
content is limited, but links to scientific papers allow the interested reader to find out more.   
A resource such as this functions best as a living document, being updated as progress is made in 
technology development, new research is published or in response to the needs of the composites 
manufacturing community.  That which is presented here is a suggestion for a format, which could 
be applied to other topics and kept updated by a community of practice if it is considered useful.   
For Dielectric Cure Monitoring in particular, a resource of this nature may be useful in enabling 
technology transfer from academia to industry.  Results presented in Chapter 3 demonstrated that 
industrialists are unlikely to read academic papers, where much has been published on the topic.  It 
is hoped that this Knowledge Transfer Resource will be of use as facilitating industrial uptake of this 
technology may, as demonstrated in Chapter 5 and the studies referred to in the Knowledge 






This project has involved both technological development and investigation of knowledge transfer 
methods used in academia and industry, with the aim of delivering industrially focused cure 
monitoring technology presented in a manner that fits with industrial working practices.   
While on first glance in-process monitoring of composites and knowledge management may seem 
entirely unrelated, this work demonstrates that the technology alone is not sufficient to deliver 
improvements in composites manufacture- it is of little use if those who could benefit from it the 
most remain oblivious to its potential. 
Growing demand for advanced composite items, plus cost and energy saving considerations, suggest 
that improvements in efficiency can be of benefit to industry.   
 
7.1 Knowledge Transfer Studies 
If knowledge transfer between academia and industry is to be improved, it is sensible to start by 
finding out the current status and gathering opinions on which forms of knowledge transfer are 
considered most useful in the different types of organisations.  This work focuses on SMEs as they 
are unlikely to have large research and development departments, but can have more flexibility for 
trialling and deploying new technology than larger companies, so connections between academia 
and SMEs could in principle enable technology transfer while being beneficial to both parties.  The 
companies involved were recommended by the academic groups and research institution.   
Chapter 3 reports the results of these Knowledge Transfer Studies, which apply techniques reported 
in knowledge management literature- detailed in Chapter 2- including knowledge networks, 
competence matrices and opinion questions using Likert scales and ranking items in order.  
Competence matrices were modified from the standard form, with topics split into theoretical and 
practical- to allow for people who have practical skills but have not studied the theory, or those with 
a great deal of theoretical knowledge who do not often spend time in the laboratory or workshop- 
something Professors have been known to complain about.  The results were presented with colour 
coding, allowing instantaneous gap analysis- if the topic is pale coloured across all staff, the 
organisation does not have much expertise in it.   
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The results of the competence matrix were also combined with knowledge networks- showing 
number and strength of connections for each individual below their self-rated competences, 
highlighting any experts who are not communicating their knowledge and acting as a point of 
comparison for self-ratings, which inherently vary according to the individual’s personality.  Neither 
this combination nor the colour coded presentation of results have been seen in the literature, 
though both seem a logical thing to do.     
As both the organisations and individual participants are self-selected volunteers, it is important to 
emphasise that the data cannot conclusively be stated to be truly representative of the organisation 
categories studied.  The lack of any clear trend with either age or job type within the data suggests 
that these demographic factors are unlikely to be important, but this cannot be stated with 
certainty.  The deliberate choice to focus on SMEs means the work does not capture the composites 
sector as a whole, this was not the intention.   
7.1.1 Value of Knowledge Transfer Studies to participating organisations 
The results of the studies are useful for each individual organisation.  Network diagrams of who 
learns from or asks questions of whom show at a glance how robust the organisation’s knowledge 
transfer is- or is not, and combining this with the results of the competence matrix gives a sense 
check on an otherwise inherently biased piece of self-rating.  The two together can be used to 
investigate working cultures in different groups, identify key people and those who are isolated, and 
see at a glance where there are gaps in the topics the organisation needs.  Opinion based questions 
show easily what works well, what does not, and which types of knowledge transfer technique 
would fit with working practices- allowing a manager to make informed decisions.   
The majority of participants were not familiar with knowledge network diagrams.  Informal 
comments suggested that the results were considered useful, but these cannot be reported as 
positive responses per se- there were in some cases expressions of dismay at finding problems of 
which they were previously unaware.  The pilot group is a good example of this, and as the only 
team that were studied twice during the project the effect of the manager’s actions in response to 
this worrying information can be seen.  Two knowledge brokers linked the subgroups within the 
team- one of whom had just handed in notice to leave the job and the other was a contractor, hence 
could not be relied upon to remain with the team long term.  If these people left the subgroups 
would be isolated, restricting their learning horizon [179].  This would be detrimental to the 
individuals- who would not be able to learn from those in other subgroups- the team as a learning 
unit, and to the results of their work.  The manager’s concern was entirely reasonable.   
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In a situation such as this, the manager might assign people from different subgroups to work 
together, encourage knowledge transfer at team meetings such as through a short talk from a 
different person each week with questions encouraged, rotate junior team members around experts 
from all subgroups as part of a mentoring programme or encourage spontaneous communication- 
casual discussion over a cup of tea (or stronger beverage [168]) can be a very effective form of 
knowledge transfer.  When the pilot group participated for a second time, as part of the wider study, 
the change was remarkable- the subgroups were now interlinked by multiple routes.   
Results from the competence matrix combined with the network diagrams were used to draw 
conclusions regarding knowledge transfer in two different teams in the Company 6 case study.  This 
demonstrates the value of combining these two techniques.  The contrast between the laminators 
and fitters is notable, with the chatty fitters having effective knowledge transfer and the silent 
laminators hardly any at all.  There is also only one link between the teams, a similar problem to the 
pilot group.  While knowledge transfer between laminators should be encouraged, it would also, in 
the author’s opinion, be worth encouraging links between the laminators and fitters. Hand layup of 
composite parts can vary a great deal between laminators [4], [26] and the lack of communication 
suggests they did not discuss the challenges among themselves.  As the fitters’ work follows on from 
the laminators’, decisions taken by the laminators may affect the options available to the fitters, 
depending on the part being made.  If each laminator delivered the part they laid up, after cure, to 
the assigned fitter, they have the opportunity to discuss any complications, issues or ideas between 
them.  This both encourages knowledge transfer between the two individuals, expanding their 
learning horizons, and facilitates organisational learning, as any ideas for improvement could, 
subject to approval, be tried on the next part.  In addition, the more communicative fitters may act 
as knowledge brokers between the uncommunicative laminators, and in time may encourage direct 
discussion in the lamination team.   
For Company 8, which has a robust, interlinked network, any experts who are transferring 
knowledge to large numbers of people can be monitored to ensure they are not overwhelmed [31].  
Managers should allow time for these experts to carry out their knowledge transfer duties.   
Opinion based questions were also of use to participating organisations, illustrating what works well 
and what does not in the current system, as well as preferences for knowledge transfer options that 
could be implemented.  Informal responses suggest a focus on fixing problems- one manager was 
extremely worried that over half of their team did not know where to go when they needed help.  
Had they not participated in the study, this situation would have persisted, with the manager 




Of course, making use of these results and acting to improve knowledge transfer in an organisation 
requires support from those at the top.  It is worth considering that in truth, an organisation’s 
knowledge rests in the brains of its staff.  Some things can- and should- be recorded, but there is no 
substitute for the tacit knowledge of a skilled and experienced worker.  This must be borne in mind 
when key persons are identified- if they were to leave, would the business cope?  Passing their 
knowledge on to those who will remain is a real concern- and understanding how the workforce 
seeks out the things they need to know should inform the way this is done.   
Good knowledge management saves duplication of work and of mistakes, saving a business time and 
money.  Being able to find what has been done before- including outside one’s own team- is 
valuable.  Knowing who to talk to about what is even more so.   As a small organisation grows, what 
was simple can become complicated, so it is worth putting systems in place early on.   
7.1.2 Lack of links between Academia and Composites SMEs in this study 
The companies which participated in the study were recommended by the academic groups and 
research institution.  It is therefore surprising that the vast majority had no direct links to academic 
groups or the research institution in their networks, either of those they learn from or those they ask 
questions of.  This is troubling, for while the sample may not be representative of all connections 
between academia and industry- indeed, by focusing on SMEs, does not cover the direct 
collaborations between certain large companies and both academic groups and the research 
institution- it demonstrates a problem in technology transfer.  These smaller companies, without 
large dedicated R&D teams but perhaps more agile than multinational behemoths, could gain 
significantly by such new technologies but do not seem to benefit from pathways to access them.   
Studies of links between academic/research organisations and industry often use proxy measures to 
identify knowledge transfer links.  If a list of collaborations were used to form the inter-
organisational knowledge networks, rather than directly asking those working there to identify 
persons they learn from, the proxy network would show links between the companies and the 
academic groups which recommended them.  This suggests that such proxies may not deliver a 
realistic picture of knowledge transfer between organisations at the employee level.   
The method used here, where knowledge workers are asked to identify those they learn from, is 
used in studies of large organisations with multiple sites or working groups.  Having only 3-4 links 
between sites was considered a problem for knowledge transfer [191]- a complete lack of 
knowledge transfer connections is therefore a matter for concern where, given the remit of the 
academic groups and research institution, those connections should be there.   
233 
 
A study using this method to identify links between companies- mostly small companies- and 
research and training institutions in a different industry, wine production, showed that where local 
government encourages such institutions, a large number of wineries exist and the research 
institutions act as hubs for knowledge transfer, with “product upgrading” being facilitated by 
institutions which link different communities of wine producers, giving a variety of “knowledge 
resources” [206].  The UK research institution in composites manufacturing is intended to work with 
manufacturers across different sectors in technology development, provide training and facilitate 
knowledge transfer- including to SMEs.  The current status compares poorly to these wine 
production research institutions, though it should be noted that a new initiative for SME 
engagement has recently been established.   
The research institution is well connected with the UK academic group, so improving links to SMEs 
should help to facilitate technology transfer from academia to industry.  If this new initiative is to be 
successful- and any similar initiative which the Canadian academic group may carry out- it would be 
sensible to attempt knowledge transfer in the manners preferred by industrialists, as identified by 
this study.  Interpersonal knowledge transfer is clearly popular and there is demand for training 
courses.   
Taught by staff from the research institution or academia, such courses would not only deliver 
teaching but form a link between the students and teacher- they could continue to communicate 
after the course is completed.  Group exercises could also help links to form between students.  
Active learning is higher viscosity than passively listening to lectures [31] so practical exercises 
should be encouraged.  Group discussions while gathered around a piece of equipment, talking 
about how it works, would also be useful both for networking and encouraging ideas to form for 
how the technology might be used in each company.  If possible, courses should be scheduled to 
make it easy for SMEs to allow staff to attend- losing a person for a week is a much bigger issue in a 
company of 20 than a company of 2000- so short courses, perhaps scheduled to fit factory 
shutdowns for maintenance or similar, would be particularly useful.   
Assigning specific employees as contact points for SMEs may be beneficial, as this allows a 
relationship to form and encourages asking of questions.  They should ideally be experts in 
technologies the SME uses or is interested in developing.  As the research institution has poor know-
who compared to other organisation types, a directory of experts would be useful internally and 




As courses are not always practical, or as supplemental material, useful information could also be 
made available online.  Web search is a popular choice for answering questions and the results do 
show interest in an internet based knowledge repository.  This should not take the form of academic 
papers as- perhaps unsurprisingly- these are not popular in industry.  Material made available for 
knowledge transfer should be designed around the needs of industry and updated regularly.  The 
Knowledge Transfer Resource discussed further on is a suggested format for this.   
The Knowledge Transfer Studies have been useful to the participating organisations and, when the 
whole dataset is analysed together, illustrate the current state of knowledge transfer between the 
organisations.  This could be used to monitor the effects of any initiatives intended to change the 
current picture, and keep track of opinions on what does and does not work.  As collating the 
information across many companies is useful, and SMEs may not have the resources to carry out 
these studies themselves, it is recommended that the research institution should offer this as a 
service, to be carried out regularly, perhaps once per year.  Data can be provided to each 
participating organisation, and- alongside an internal study of its own staff- the research institution 
can collate the data to monitor the -hopefully- success of its SME engagement initiatives.   
7.1.3 Knowledge Transfer in Academia and Industry 
In all types of organisations studied, interpersonal knowledge transfer is considered highly desirable- 
the majority wish to talk to other people, be it through a taught course, mentoring, or a chat over a 
cup of tea.  Academics were however much less likely than their research institution or industrial 
fellows to talk to colleagues other than their supervisor and found team meetings and on the job 
learning less useful.  This suggests that teamwork may be less popular in academia than in industry, 
but the popularity of going to the supervisor with questions is not notably different between 
academia and industry.  Employees at SMEs are more likely to talk to supervisors than at larger 
companies or the research institution.  Taught courses were considered more useful by academics 
and research institution staff than industrialists, but demand for training courses is above 70% and 
very close in value for all organisation types.   
Web search is also popular and there is demand for an internet based knowledge repository, 
thought this is less popular than training courses and on a par with other options such as a central 
store of manuals.  It is interesting that more people rated a central store of manuals highly than said 
they currently go to manuals or manufacturer’s guides.  It is possible that storing all the manuals in 
one place would make a significant difference- but also possible that there is a difference between 
enthusiasm for doing something in the future and the reality of what people actually do.  
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Similarly, formal training courses are considered the most useful suggested option for knowledge 
transfer- but far fewer people, especially in industry, consider current taught courses useful.   
The questionnaire found no correlation between job type or age and answers to the opinion based 
questions.  Those with computer based jobs are not able to contribute to a discussion forum or wiki 
more often than those with hands-on or meeting based jobs, and enthusiasm for web search as a 
way to answer questions is broadly consistent across these groups.   
It is notable that while it is common to begin a project with a search for relevant knowledge, 
literature surveys are hardly ever carried out in industry.  It is perhaps unsurprising that academic 
papers and conferences are not popular sources of knowledge in industry, as both involve jargon 
and are often expensive, but a clear demonstration of this is nevertheless worth having.  It may be 
more surprising that conferences and seminars are not thought of as places to go with questions in 
academia either, but these are valuable as networking opportunities and a chance to publicise one’s 
own research as well as finding out more about the work done by others.   
Recording lessons learned is commonly considered an important part of knowledge management, 
yet the data suggests it is often not carried out.  When it is, these lessons are only of use if they exist 
in a form which is easily accessible and invites those beginning a new project to find them and learn 
from them.  A large document of lessons learned from procurement of the bespoke autoclave 
required for developing cure monitoring technology has been produced, but is unlikely to have been 
read by those planning other large equipment purchases as at the time it was written no system was 
in place to facilitate this.   
The demand for interpersonal knowledge transfer drove the trial of a taught course in dielectric 
monitoring in composites manufacture, conducted with EngD students and staff at NCC.  Taught 
courses, however, can only be provided in person to a limited number of people, usually requiring 
geographical coincidence.    As web search was also popular as a method of searching for 
knowledge- far more than other non-interpersonal options- and an internet based knowledge 
repository was considered potentially useful by over half of respondents, it is hoped that an internet 
based option might be a useful second choice.   
In an attempt to provide the missing interpersonal element for such a repository, without resorting 
to discussion forums (not considered useful), short explanatory videos were made by the present 
author for the two technological aspects of this work: In-Process XCT Scanning and Cure 
Optimisation and Control with Dielectric Monitoring.  The videos are aimed at a non-academic 
audience with some knowledge of composites manufacturing, with much of the content delivered by 
a person speaking to the camera, intended to give a ‘human face’ to the experience.   
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7.2 In-Process micro-XCT Scanning for Defect Tracking 
Minimising waste, both of time and of material, is an important factor in a businesses’ efficiency.  
Understanding the behaviour of the resin and fibres during manufacture is important here.  Defects 
in manufacture are impossible to avoid [4], and can result in an expensive part, which has taken a lot 
of time, energy and effort to make, being scrapped.  Where active process control with dielectric 
cure monitoring may, in future, allow us to automatically modify the cure on the fly in order to 
achieve the required properties and minimise some types of defects, achieving this will require a 
thorough understanding of how both resins behave and defects change and develop during the cure 
process.   
In-Process micro-XCT Scanning allows us, for the first time, to track the evolution of a defect (or 
feature) throughout the cure.  This is demonstrated in Chapter 4.   
7.2.1 Demonstration of In-Process micro-XCT during composite cure 
As this is intended to be useful in industry, it was important to use an industrial CT-scanner rather 
than a synchrotron.  While the synchrotron would undoubtedly deliver better results, they are 
expensive to use and there are few available, meaning this is not practical for regular use as part of 
product development in industry.  Tracking the evolution of defects or features on sections of part 
geometry during cure may inform design decisions or process decisions, such as response to 
different cure cycles.   
The value of uninterrupted, in-situ micro-XCT scans is demonstrated by comparison to ex-situ studies 
involving multiple quenched samples [27], [28].  The work presented in Chapter 4 detected a feature 
of void evolution which was not seen in the quenched sample studies.  This is to be expected, as the 
multiple samples used are not likely to be identical, and the number of scans is relatively small, so 
changes can easily be missed.  Tracking the same sample with repeated fast scans during cure 
ensures these small but potentially significant changes are detected.   
Development of the method was not without difficulty, both in terms of practical equipment and 
evaluation of the 3D volumes.  There is an inescapable trade-off between image quality and speed.  
As capturing fast scans- minutes rather than the usual hours- of a sample which is changing requires 
speed, image quality was far lower than that achieved in a standard scan, though sufficient for our 
purposes.   
The material chosen- largely due to availability- for the heated tool, ceramic, caused significant noise 
due to X-ray scatter- in the author’s opinion a less dense material should be used in future.   
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The large volumes of data (20TB) are best analysed in an automated manner.  This was achieved for 
a carbon fibre reinforcement, but proved beyond the software where glass fibre was used, as the 
routine in the commercial software which automatically detects boundaries between materials of 
different densities located the glass-resin boundary rather than the resin-air boundary which marks 
the edge of a void.  Matters such as this could be solved by different image analysis routines.   
Issues like sample placement and arranging of wires and hoses in a manner which allows the stage to 
rotate were perhaps the most difficult to solve, and with more time and budget could be dealt with 
in a neater manner.  The somewhat ad-hoc setup proved more than sufficient to not only 
demonstrate the principle of In-Process XCT Scanning of composite parts but also to obtain useful 
results regarding both defect evolution and resin behaviour.   
7.2.2 Evolution of studied defects during cure 
The results of the investigation into the evolution of ply drops and tow gaps during cure provide an 
example of the sort of knowledge which can be obtained with this powerful new experimental 
technique.   
 
Figure 7.1: Horizontal slices through the centre of CT reconstructions of a tow gap during cure.  Top left: 
original defect. Top right: 1 hour, 39○C, resin flowing into defect.  Bottom left: 2 hours, 66○C, gap appears full.  
Bottom right, end of cure, voids now visible in position of original defect.  Chapter 4. 
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It was found that the total void volume present in the defect region of the small test part, having 
reached a minimum, increases prior to gelation.  Comparison with the model for the resin cure [43] 
showed that this increase occurs around the time of minimum resin viscosity.  This is in line with the 
theoretical prediction of de Parscau du Plessix et al [160], which predicts an increase in the radius of 
small voids as resin viscosity degreases and temperature increases.   
Comparison of tow gaps, in line with the fibre direction, and ply drops cut across the fibre direction 
showed clear differences, with the ply drop voids remaining larger throughout.  This is expected, as 
where the gap is in line with the fibre direction the fibres can move laterally into the space, whereas 
with a cut across the fibre direction only the resin can flow into the gap.   
Defects such as these are often unavoidable [4]when using automated fibre placement, but are 
undesirable in a part due to effects on strength and fatigue behaviour [153], [155], [156].  The 
position of the defect can be important [48], [154], so tracking through the cure to asses changes in 
defect geometry may be important in design decisions.   
 
7.3 Dielectric Cure Monitoring for Process Optimisation 
Using dielectric monitoring for process optimisation and control has the potential to deliver 
increased efficiency in composites manufacture.  As simulation may not always reflect reality, having 
sensors in contact with the part, tracking the cure, valuable for both cure optimisation and quality 
assurance.  One might reasonably equip a prototype with many sensors to build up an 
understanding of what is happening throughout the part, perhaps including modifying a model to 
reflect the real results.  In a production part, numerous embedded sensors would likely be unwanted 
as they would affect the structural properties- but with reference to a full dataset from prototyping, 
a surface contact sensor or one embedded in a tag which will later be cut off would likely be 
sufficient for both tracking and controlling the cure.  Chapter 5 reports the test of a dielectric 
analysis system, in an industrial environment, for cure monitoring and active process control and 
comparison to both laboratory tests and simulation.   
7.3.1 Active Process Control and Quality Assurance 
Active process control has the potential to allow the cure to be modified based on the real state of 
the resin in that particular part (or batch) at that particular moment, managing the unavoidable 
variety in material batches, environmental conditions, human factors and machine behaviour which 
can lead to varied results in what should be a reliable process.  Here this is used to end the cure 
when a specified material property has been obtained, minimising energy usage.   
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Other researchers have used the same principle in a very different manner, controlling liquid resin 
flow into a mould in order to eliminate dry spots by opening or closing vents based on resin arrival 
detection [24].  
 
Figure 7.2: Active process control.  When both sensors reach 85% degree of cure (lower graph) the autoclave 
automatically cools down and ends the cure (upper graph).  Sensor controlled single hold cure, Chapter 5. 
The example part used here, a stepped wedge, was chosen to represent the extreme range of part 
thicknesses, allowing the cure at each extreme to be tracked and hence making sure the cycle 
reached the requirements for both.  This also provided the opportunity to study this otherwise well 
characterised, popular resin system when subjected to a non-standard cure.   
It was found that where 85% degree of cure is sufficient, significant energy savings could be made.  A 
shorter cure at the temperature recommended by the manufacturer was found to deliver greater 
energy savings than a full length cure at a lower temperature. 
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However, the lower degree of cure also meant a significantly lower glass transition temperature in 
the final part, varying with the thickness of the step.  If the part is not intended to be used at high 
temperatures this is not an issue, but where a high glass transition temperature is required, less 
energy savings can be made.   
In general, if dielectric monitoring is to be used to optimise a cure cycle, the resulting cycle- and 
hence the potential savings- depend very much on both the choice of resin and the requirements for 
the part(s) under manufacture.   
Quality assurance, important in all manufacturing, is particularly vital where the parts are critical to 
human safety.  In industries such as aerospace- a leading use of composite parts- it is especially 
valuable to have a traceable history of each part, with measurements of the key metrics wherever 
possible, to ensure each individual part meets the stringent requirements.  Dielectric monitoring can 
be used to check the material properties prior to cure [25] to ensure they meet requirements and 
monitor variation between batches, and to track properties throughout the cure, providing evidence 
of the specific development of each individual part, including the final properties. 
For quality control, it is necessary to act based on the readings obtained from the sensors.  This may 
be as simple as disposing of parts which do not meet the necessary standards- a good safety 
measure- but, in order to decrease waste, it is preferable to make changes during the cure in order 
to bring the part up to the specified standard.  In this study active process control was used only to 
end the cure when the required degree of cure had been obtained, but this is only a first step.  It 
would be possible to change the temperature and pressure of the autoclave- or another 
manufacturing method- in response to sensor readings in real time.   
7.3.2 Comparison of dielectric analysis results to laboratory tests 
The final, end of cure measurements of degree of cure and Tg were compared to commonly used 
laboratory tests- DSC and DMA respectively- as a check on the results.  
The dielectric analysis system measures degree of cure using a method (derivative of the logarithm 
of the imaginary impedance maximum) which has been demonstrated to deliver comparable results 
to DSC [105].  This demonstration used a different resin system to the Hexcel 8552 used here.  The 
manufacturer of the dielectric analysis system provided a model for calculating the degree of cure of 
8552 using this method, but the details are proprietary.  Verification against an independent 
measurement was therefore necessary.  In all but one instance, the dielectric analysis measurement 
of final degree of cure was within experimental error of the DSC measurement carried out using a 
sample from close to the sensor position.   
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The one discrepancy is 1% degree of cure between the error bars of the two measurements.  As all 
other measurements were within the error and this is a small discrepancy, it seems reasonable to 
consider the dielectric analysis measurements reliable for this resin.  Degree of cure will not be 
exactly the same throughout each step of the wedge, so a discrepancy this small could simply be due 
to variation between the sensor and DSC sample locations.   
The dielectric analysis system uses the DiBenedetto equation from the NCAMP model for 8552 [23] 
to convert degree of cure to Tg.  This does not include the drop in Tg due to degradation at very high 
degree of cure.  In one case the dielectric analysis result did not match the DMA result for this 
reason.  There is only one other discrepancy, again very small: 1 degree Celsius between the limits of 
the two error bars.  As above, it seems reasonable to consider the dielectric analysis measurements 
reliable as this small discrepancy could be due to variation within the material.   
The technology has been demonstrated in an industrial environment, and is in use in a small number 
of manufacturing facilities- most notably for quality control in a pultrusion line [34], [227]- but 
further development is needed before it is ready for use in an autoclave at an industrial level, largely 
in ruggedization of the flexible sensor connectors.  These connectors break easily and are not 
possible to use while wearing heavy protective gloves.  This problem is certainly something which 
can be solved.   
The manufacturer of the dielectric analysis system may wish to work with manufacturers of 
autoclaves and other composites manufacturing equipment to develop equipment with a built in 
sensor system, rather than added using pass-throughs at a later date.  This would be a unique selling 
point for the autoclave and a way for the dielectric monitoring system to reach a large market- 
companies may not wish to modify an autoclave to trial a new system, but if it is built in and verified 
by the autoclave manufacturer there is less of a barrier to the purchase.    
7.3.3 Discrepancy between simulation and other measures 
Two types of simulation were trialled.  Simulation using an ideal cure cycle and heat transfer model 
(‘Sim’) was found to be significantly different to reality.  This is due to the difference between the 
ideal cure cycle and the reality.  As the thicker extreme of the part begins to exotherm, the autoclave 
drops the air temperature to control this, as a safety measure.  This results in the thinner extreme 
dropping in temperature.  The hold is only counted as ‘started’ once the thin extreme comes within 
5 degrees Celsius of the set temperature, so the actual hold time is rather longer.  In addition, the 
autoclave behaviour can vary, for example a slight maintenance issue on a valve may lead to 
significant pressure and temperature fluctuations during the cure.   
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For the above reason, simulation based on an ideal cure cycle should be considered a starting point 
for study of a cure only, as it is likely to be significantly different to the cure which occurs in reality.  
The results of this type of simulation (‘Sim’) were not taken forward for comparison to the dielectric 
analysis results.   
The second type of simulation (‘Sim_data’) is expected to be far closer to reality.  Temperature data 
from thermocouples embedded in the centre of each step during each experimental run were used 
with the NCAMP 8552 cure kinetics model [23], [44]to generate theoretical degree of cure and Tg 
data throughout each cure cycle.  The relationship between degree of cure and Tg is the same as that 
used in the dielectric analysis system, but the calculation of degree of cure comes from the cure 
kinetics model.   
This was found to significantly under-predict both degree of cure and Tg compared to both the 
dielectric analysis and laboratory test results.  Throughout a cure cycle, the dielectric analysis 
reading is always a higher value than the simulation output.   
The degree of cure-Tg relationship follows the expected trendline, meaning the discrepancy is in the 
cure kinetics model, or the simulation software’s implementation of this.  As the NCAMP model is 
based on experimental work carried out approximately a decade ago, this may indicate a change has 
been made to the resin formulation- or that there is significant variation between batches.  It would 
be worthwhile to repeat the experimental work carried out for the NCAMP model using resin from a 
number of different, modern batches, to ascertain whether or not the model needs to be updated.   
 
7.4 Knowledge transfer resource for dielectric cure monitoring 
Improving knowledge transfer both between academia and SMEs and within individual organisations 
can help to solve problems in manufacturing and perhaps lessen the time taken for promising new 
technologies to reach their potential, bringing benefit to industry and the wider world.   
The Knowledge Transfer Studies suggested that interpersonal knowledge transfer- likely through 
taught courses- is the best way to achieve this.  However taught courses are not always an option, 
requiring people to take time away from work and geographical coincidence with the teacher.  Even 
where such courses are available, assimilating a large amount of knowledge in a short amount of 
time is difficult.  Reference material is therefore needed.  Unlike academic papers, which are not 
popular in industry, this should be designed to be useful for industrialists and in an easy to digest 
format.  Web search was also a very popular option when looking for answers to questions, so such 
a resource should be suitable for using online.   
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A framework for knowledge transfer between academia and industry is being developed by the 
University of British Columbia, being a framework for ‘Knowledge in Practice Documents’ [115].  
These are intended to provide useful information and industrial examples surrounding technologies 
used in composites manufacture, and troubleshooting of problems, written by academics and 
intended to be kept updated.  A pdf based document of this nature, on the topic of dielectric 
monitoring, was contributed to the system by the author. 
Drawing on all of this plus personal experience of working at the National Composites Centre during 
the EngD, an example of a knowledge transfer resource for composites manufacture has been 
constructed.   Suitable for use on the web, but with a human talking through the basics in an 
introductory video and a simple clickable interface, this is a suggestion for improving knowledge 
transfer- and hence technology transfer- between academia and industry.   
Dielectric monitoring is a near perfect topic for this.  Having been used in academia for decades [19], 
[20], [97], [215] but barely heard of in industry, delivering on its potential requires a combination of 
technical development and transfer of knowledge from academia to industry.  Previous work by 
Partridge and Smart [227] (EPSRC grant EP/F012489/1) resulted in a DVD (video file copyright 
Cranfield University, included in the Knowledge Transfer Resource) intended to address this, but 
industrial use of the technology remained low.  The new knowledge transfer resource, while 
including video files, is more interactive and intended to be updated as the technology progresses.   
The Knowledge Transfer Resource is structured around a simplified, clearly laid out version of the 
framework proposed by Fabris and Poursartip [115], and much of the content from the Knowledge 
in Practice Document for dielectric monitoring, written by the author of this thesis, is included in the 
Knowledge Transfer Resource.  However, as a linked PowerPoint dominated by images and bullet 
points it is hoped that this will be less intimidating than a long text document.  An industrialist may 
click through only the items and case studies that are relevant to their company, with links to the 
background science provided where necessary, and links to external documents- including 
manufacturer’s guides and academic papers- for those who want more information.   
Resources such as these should be regularly updated to keep up with developments in the field, 
which requires an institution willing to be responsible for both producing and maintaining them.  As 
an institution with a remit to deliver technology transfer from academia to industry, the National 
Composites Centre would be a good fit for this- but academic groups could also be an option.   
This resource has been trialled with EngD students, but, if it is considered potentially useful, could 




7.5 Future work 
Having been achieved for the first time as part of this project, In-Process XCT Scanning is at a far 
earlier stage of development than dielectric cure monitoring.  While CT scanners are sometimes 
used for non-destructive testing of appropriately sized parts, scanning sections of test items during 
development and investigation of damaged (deliberately or otherwise) parts, they are not built into 
any composites manufacturing process at present.  For small items and test parts built to investigate 
new designs, materials and techniques it would be feasible to follow the method developed here, 
though there is scope for improving the equipment from its initial ad-hoc setup.   
In the near term, use of In-Process XCT Scanning in research, to improve our understanding of defect 
and feature evolution through the cure process, opens up a wide range of possibilities.  The 
technique can in principle be used to investigate the behaviour during cure and evolution of any 
feature at an appropriate length scale.  This might for example include consolidation in corners or 
distortion of through thickness reinforcements.   
The initial work on the tow gap and ply drop, may be used to inform design decisions.  
Understanding the likely evolution of the feature may help to decide the optimum location for 
unavoidable defects.  if expanded to study a variety of gap sizes and geometries, this has the 
potential to provide useful input to decisions on manufacturing tolerances- likely reducing waste by 
allowing us to identify which of the early stage defects mean a part will not meet the requirements, 
and which are likely to become acceptable during the cure process.  Similar work could be done for 
other defects and resin systems.   
Results from the initial work presented here have been discussed with colleagues at the University 
of Bristol as a possible comparison for their theoretical modelling of fibre movement during cure  
[151].  A direct, real comparison between a model and reality offers the possibility of improved 
accuracy in future models, or validation of the existing model.   
It would be particularly valuable to develop improved image analysis routines, to analyse each 
sequence of scans automatically.  An ability to do this for glass fibre as well as carbon fibre 
reinforcement would be particularly useful.  For a fast scan as carried out in Chapter 4, identifying 
the difference between carbon fibres and mostly-carbon resin in the reconstruction is very difficult.  
Use of glass fibres would allow the study of features such as fibre waviness.  It is theoretically 
possible to use image processing to estimate stresses on the part as it cures- this would be an 
interesting and potentially useful addition.   
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The resolution achievable by an XCT scan is limited by the spot size of the X-ray beam, the detector 
resolution and by the geometric magnification achievable in the scanner cabinet.  For any given 
scanner, a larger sample means a lower magnification as the sample must be physically as close to 
the X-ray source as possible.  Other limitations of XCT Scanning include the flux of X-rays available.  
Advances in XCT Scanning technology to address these issues could lead to higher resolution in-
process scans on larger objects.  Synchrotrons can also be used, though these specialised facilities 
have limited availability and cannot easily be added to a factory for regular use.  Laser Wakefield 
Accelerators offer particular promise here- though not yet commercialised- as using the laser for X-
ray generation allows a high flux of collimated X-rays, with a very small spot, to be produced [138].  
Additionally, the X-rays are in phase, meaning phase contrast imaging can be used to produce more 
detailed scans, making it easier to see the difference between two mostly-carbon materials.  Initial 
tests of this technology on composite parts (not in-process) have proved promising.   
It may, with future technology, become possible to integrate XCT Scanning into manufacturing 
equipment, allowing in-process scans of larger items during standard manufacturing processes.  If 
feasible at all this is a very long way off, with many challenges, including how to integrate X-ray 
generation and detection with the inhospitable high pressure and high temperature environments 
characteristic of composites manufacture.   
In the slightly less long term, current use of CT scanners by some composites manufacturers- at least 
in some cases through use of the facilities at NCC- offers hope that adoption of this technique as part 
of product development in industry, if it proves useful, may take less time than dielectric cure 
monitoring, which requires new technology to be integrated with the manufacturing process.   
Having created a knowledge transfer resource aimed at industry for dielectric cure monitoring, the 
obvious next stage of this work is to trial this with industrial users- both those few who already use 
the technology, and others where a potential for strong contribution to their business has been 
identified but they have no experience in this area.  Feedback on this will not only help improve the 
knowledge transfer resource- which can then be used as a template for other technologies- but also 
be useful in improving awareness of dielectric cure monitoring in industry.   
Dielectric monitoring certainly has the potential to be very useful.  In addition to the knowledge 
transfer and awareness aspects, the system tested requires ruggedisation before it can be 
considered truly industry ready.  The flexible sensors and particularly the connectors they must be 
attached to inside the autoclave are delicate, fiddly and unlikely to last long under continuous use in 
a factory.   
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This presents a problem for the manufacturer- while a more rugged system is definitely possible, 
investing in this without knowing whether the technology will be taken up at large scale by 
composites manufacturers represents a risk.  However, representatives of companies which are 
members of NCC are unlikely to report the current system as factory ready.  The manufacturer 
would be well served in finding a partner to develop this further and continue the work on 
integration and feedback to manufacturing equipment such as autoclaves.  Equipment 
manufacturers would be an obvious choice.  The author and others at NCC and the University of 
Bristol have worked with the manufacturers of both the dielectric monitoring equipment and the 
bespoke autoclave on an informal basis in order to achieve the initial process control demonstrated 
here.  A specialist in liquid resin injection equipment has also expressed an interest as a result of this 
work, though any future contact must be direct between the two companies.  The interest was 
specifically in using the sensors to monitor the levels of resin and hardener as they mix and develop 
active control of the mixing based on this.   
Active control of the cure, demonstrated here on a basic level, has a lot of potential.  It would be 
possible to make far more subtle and detailed adjustments to the cure process than simply cooling 
down the autoclave when a desired degree of cure is reached.  Improved connections for the cure 
monitoring system using direct current, and possibly the addition of other systems such as Fibre-
Bragg gratings to measure strain would also be useful, both in terms of understanding and 
optimising the cure process and perhaps providing another dataset which might be used for control.   
The results of the work done to date may be of use in refining theoretical models, both for the 
material cure and for energy use and cost modelling.  Perhaps more importantly, the discrepancy 
between simulation and results of laboratory tests and dielectric analysis suggests that the model 
used for 8552 should be revisited.  This is not intended to suggest that it is intrinsically wrong- rather 
than the resin formulation may have changed, in which case the cure kinetics model may need 
updating.  This provides an example of the value of living documents, which are continually updated 
as needed- perhaps in future a resource of resin models might allow anyone who finds a discrepancy 
to note that a model needs to be checked.   
Along with the lessons learned from the procurement of the autoclave, this demonstrates the value 
of knowledge transfer within a business as well as more widely between academia and industry.  The 
results of the knowledge transfer studies have been extremely well received, and companies might 
benefit from performing these regularly and tracking changes over time, e.g. for monitoring the 
effect of any new policies.   
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To carry these out in future, it would be worth investing some effort in digitising the survey.  Whilst 
an emailed link to an intranet survey does not result in an adequate response, where businesses 
make this a requirement rather than asking for volunteers as was the case here, it could be built into 
a normal staff review process.  Digitising the survey would save significant time in data entry and 
much of the processing could be automated, though interpretation of the results would still require 
a human touch.   
It would be worthwhile for organisations invested in developing links between academia and 
industry to also carry these out with their target companies in order to monitor their progress and 
further tailor their knowledge transfer to the requirements of industry.  As new knowledge transfer 
techniques- including for example the use of Augmented Reality- are developed these certainly 
should be included.   
Finally, it is worth considering including knowledge transfer as a key aspect of all future technology 
development work.  The results are only useful if the message gets out to those who would benefit 








1) Knowledge Transfer Studies were conducted by questionnaire with industrial and academic 
organisations in the advanced composites space in two countries, and were demonstrated to be 
useful to the participating organisations.  The network diagrams of knowledge transfer within an 
organisation or group were new to most participants.  The utility of knowledge network diagrams in 
particular is demonstrated in the changes made to the pilot study team.  The novel presentation of 
combined data from knowledge networks with a competence matrix is shown to be of value to a 
business through the Company 6 case study.   
2) The majority of companies participating in this study do not have any direct knowledge transfer 
links with the academic groups and research institution, despite being recommended by these 
groups.  The main exception to this is a spin-off company from the Canadian academic group.  Two 
others have very weak links via a single person in only one of the two network types.  The research 
institution and UK academic group are thoroughly interlinked, but at the time of the study the 
research institution does not appear to be facilitating knowledge transfer between the academic 
group and the participating companies.   
3) The questionnaire results indicate a strong desire for interpersonal learning through talking to 
others; especially in industry.  Academics are less likely to discuss work with colleagues who are not 
their supervisor and fewer find team meetings useful.  There is notable demand for training courses. 
Web search is also very popular.  In industry, academic papers are rarely read and few participants 
carry out literature surveys.  Conferences and seminars are not often among the top choices as 
sources of knowledge in either industry or academia.  These factors together may be a barrier to 
technology transfer to such SMEs, and could contribute to the lack of awareness of technologies well 
known in academia such as dielectric cure monitoring.   
4) In-Process XCT Scanning of composite samples during manufacture has been demonstrated for 
the first time, allowing defects and features to be tracked through the cure process, including an 
aspect of void evolution which was not seen in studies using multiple quenched samples [27], [28] .  
The method does not require large scale scientific facilities, thus could in principle be used during 
the design and prototyping process for a new composite part.  Regions where defects are 
unavoidable, or difficulties are foreseen with the geometry, could be cured in an industrial CT 
scanner and the evolution of the defects and features tracked.   
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5)  This proof of principle has yielded a useful discovery, showing how voids due to tow gaps and ply 
drops, defects characteristic of Automated Fibre Placement, evolve in a material used in aerospace 
structures.  The total void volume increases slightly at minimum resin viscosity, and these voids are 
fixed shortly thereafter at gelation.  This fits with the theoretical prediction of de Parscau du Plessix 
et al [160].  Tow gaps, where the defect is along the fibre direction, have smaller total void volumes 
throughout than ply drops, as expected 
6) Cure monitoring sensors have been used for active process control with an autoclave, allowing us 
to automatically turn off the autoclave when the chemical reactions that make up the cure have 
progressed sufficiently for the part under manufacture while using the measurements from the 
sensors as quality assurance.  For a very commonly used material, where the part will not be used at 
very high temperatures, the energy and CO2 saved for each batch can be the equivalent of that 
required to drive a standard petrol car 100 miles [14].  
7) The dielectric analysis system tested delivered end of cure measurements of Tg and degree of cure 
that were largely comparable to those obtained by DMA and DSC respectively, with the majority 
being within experimental error.  The system has some practical concerns that should be addressed 
for regular use in industry, but these are far from insurmountable.   
8) The simulation software tested, using thermocouple data from the sensor location in the 
experimental runs, reported lower values of Tg and degree of cure than the dielectric analysis system 
throughout the cure, and end of cure values for both were lower than those obtained by DSC and 
DMA.  The simulation and dielectric analysis systems use the same degree of cure-Tg relationship, 
but the simulation software calculates degree of cure based on a cure kinetics model [23], [44].  The 
cure kinetics model is based on experimental work from approximately a decade ago, so it is possible 
the resin system may have changed in the intervening period.     
9)  An industrially focused Knowledge Transfer Resource for dielectric cure monitoring was created, 
with reference to the results of the Knowledge Transfer Studies.  This is intended to facilitate 
technology transfer from academia to industry, by illustrating uses of the technology and providing 
useful information relevant to industrial decision making.  The format could be applied to other 
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Appendix 2: Steps in Void analysis macro 
 
• Open .vgi reconstruction file 
• Apply a median filter (level 5) to the reconstruction, which smooths greyscale values over 5 
voxels.  This helps to remove noise, and is at too small a scale to affect the void sizes 
measured.   
• Use VG Studio’s surface determination tool to automatically locate surfaces- this uses 
changes in density to find the surfaces of the object being scanned, including inner surfaces 
around voids and gaps.   
• Define a region of interest from this surface.   
• Invert the region of interest, so that the gaps and voids are ‘inside’.   
• Extract this region of interest, containing the gaps.   
• Apply the previously defined region of interest template to this extracted region. 
• Extract the resulting region.  We now have a volume consisting only of the gaps and voids in 
the defined zone.   
• Use VG studio’s void analysis tool (set to “only threshold” to detect voids as we now have a 
simple volume of voids only) to measure all these gaps and voids.  Voids of volume 0.01 to 
100 mm3, with a probability of 0.1 or more, are measured.  This means anything too small to 
be reliably identified as a void is ignored, and any spuriously large measurements- indicating 
errors- would also be ignored.   
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Appendix 6: Knowledge Transfer Resource Slides 
The below presents a suggestion for an industrially targeted knowledge transfer resource, to aid 
technology in making the leap from academia to industry.  This is supplied in the form of a linked 
PowerPoint document, with two embedded videos.  The PowerPoint file- and separate copies of the 
videos in case of technology incompatibility- can be found on the supplied USB memory stick, along 
with some of the appendices to this work.   
The knowledge transfer resource is for Dielectric Cure Monitoring and includes some of the results 
presented in Chapter 5, along with relevant examples from the literature [17], [20], [24], [25], [46], 
[66], [86], [88], [101], [105], background science and practical notes.  One of the videos was 
produced as part of this work, the other, copyright Cranfield university, was produced by Partridge 
and Smart [227] (EPSRC grant EP/F012489/1). 
The structure of the document is based in part on work by Fabris and Poursartip [115], particularly 
the categorisation into Equipment, Tooling, Part, Material and Process and Producibility.  Results 
presented in Chapter 3 show a clear preference for human-based knowledge transfer.  As this is not 
always practical, the use of videos- structured around people talking about the topic rather than 
voiceovers showing technology only- is intended to come as close to this as possible.  Though it is of 
course no substitute for a conversation, teaching or mentoring, it is hoped that this can be used to 
spark discussions or encourage interested viewers to get in touch with those working in the field.    
Another popular method of knowledge transfer is web search- the interlinked document is intended 
to mimic web browsing and includes links to external sources.   
The knowledge transfer resource focuses on practical, industrial applications for the technology and 
information that may be useful to a manufacturer of composite parts.  As such, the theoretical 
content is limited, but links to scientific papers allow the interested reader to find out more.   
A resource such as this functions best as a living document, being updated as progress is made in 
technology development, new research is published or in response to the needs of the composites 
manufacturing community.  That which is presented here is a suggestion for a format, which could 
be applied to other topics and kept updated by a community of practice if it is considered useful.   
The reader is encouraged to experience this chapter by exploring the PowerPoint file, which is not 
linear.   As a backup and for ease of reference, small copies of each slide are included here- but 























Appendix 7: Knowledge in Practice Document for Dielectric (and 
DC) Cure and Resin Arrival Monitoring And Control Using 
Electrode Based Sensors 
 
The following document was created by the author during secondment to the Composites Research 
Network, University of British Columbia, Canada, based on their structure and requirements for a 
Knowledge in Practice Document [115].    
 
It is reproduced as originally written, with references included within the text.  Not every topic 





KPD for Dielectric (and DC) Cure and Resin arrival monitoring and control using electrode based 
sensors.   
Laura Rhian Pickard, April 2016.   








A dielectric sensor can be used to follow the progress of a cure or identify wet-out of a mould, and 
to study the behaviour of a resin.  
The sensor contains two charged electrodes, whose charge is switched repeatedly.  When the resin 
comes into contact with the sensor, the particles which make up the resin move according to this 
charge, giving a signal which can be measured, as illustrated in figure 1.  As the cure progresses, 
these movements change and eventually stop.  The signal can be correlated with degree of cure.  An 
example application is shown in figure 2.   
 
        




Figure 2: Reproduced from INASCO.  An example of how dielectric sensing can be used to reduce 
cure times.   
DC sensors have a similar setup but do not alternate the current, and hence can only measure the 
resistance caused by ion movement (ion viscosity).    
 
Resin response during cure   
The potential difference between the electrodes is switched by an alternating current.  Different 
particles within the resin move at different rates- hence they respond to different frequencies in the 
alternating current.  As the cure progresses, these responses change.  A variety of datasets can be 
plotted including  conductivity, resistivity, ion viscosity/DC resistivity, permittivity or impedance of 
the resin, all of which show slightly different things.  DC sensors can record only DC resistivity, also 
known as ion viscosity.  
If the resin is characterised and the system set up accordingly, viscosity, gelation temperature (Tg) 
and degree of cure can be directly plotted.  While resin viscosity becomes infinite upon gelation, ion 
viscosity does not as the charged particles (and dipoles, if you are measuring impedance or 
permittivity) continue to respond to the electromagnetic field.   
When cure is completed, the signal flattens and no further change is seen *.    
Check with the manufacturer to ensure the equipment has the right frequency range for your resin 
or there may be confusion on detecting the end of the cure. 




Figure 3.  Example data with critical points marked, reproduced from Lambient.    CP(3) is considered 
an indication of gelation as this is when the resistivity (or conductivity) undergoes the maximum rate 
of change, and hence is the point where the mobility of the ions decreases most sharply.   
The flattening of the signal at the end is considered the end of the cure.   
In most cases, when the signal becomes flat and no further change is seen, the cure is completed- 
UNLESS the signal has gone beyond the range of the detection system.  Where graphs of the detailed 
data are available, you can check this.* 
 
*WARNING – CHECKING THE END OF CURE  
Be wary of concluding a part is cured without checking all the data- particularly when using a new 
resin- as the signal may have moved out of the frequency range of the equipment.   
To check this, and to find other features, you can look at the individual graphs for Z’’  versus current 
frequency, and step through the timesteps.  The peak will stop moving when the system is cured.  If 
it moves out of range rather than stopping, then you have gone beyond the range of the system. The 
change in the peak of Z’’ with cure progress is shown in figure 4 and 5.  An example of a system 
where the peak moves out of range is shown in figure 6.  This can be done with dielectric sensors, 




Figure 4: Reproduced from Karkanas 1998.  The peak of Z’’ moves to a higher frequency as the cure 




Figure 5: Reproduced from Karkanas 1998.  There is a correlation between the peak of Z’’ and degree 





(a) Plot of conductivity and temperature versus time. The signal is noisy until the resin flows 
onto the sensor.  Then conductivity increases with temperature until the cure begins.  It 
appears that the cure ends at 80 minutes, but this is not the case.  Note that 









(b) Plots of Z’ and Z’’ at timesteps during the cure.  The peak of Z’’ moves beyond the 
equipment range, so we cannot be sure when the cure has actually completed.  
Compare to figure 8 for more information. 
Figure 6: The conductivity graph (a) makes it appear as though the cure has completed, but the Z’’ 
graphs (b) show otherwise.  Advise flexible sensors were used with a glass fibre prepreg in an oven.   
 
Why is Z’’ used?   
Measuring the output of a dielectric sensor in terms of the impedance, Z, allows the system to be 
considered analogous to an electrical circuit, with the various factors contributing to the overall 
signal modelled as elements within the circuit. This is referred to as ‘equivalent circuit analysis’ as 
shown in figure 7.  This means electrode polarisation can be accounted for, and the different 
responses of migrating ions and dipoles can be separated out.   
 So the signal measured is given as an impedance (Z’’, imaginary impedance), permittivity (ε), 
capacitance or resistance.  
 
Figure 7.  The ‘equivalent circuit’ used to model the interactions which contribute to the signal from 
the dielectric sensor.  Based on Belluchi et al 1994 and Skordos and Partridge 2001.   
 
Measurements of Z and/or ε, split into their real and imaginary components, can show the effects of 

















Figure 8: Reproduced from Skordos and Partridge 2001, representation of different components of 
impedance measurements.   
This can show up features of the cure.  For example, the graphs in figure 9 compare an epoxy-resin-
hardener system, cured at 80 degrees Celsius, against the same system with the addition of 15% 
CTBN rubber, also cured at 80 degrees Celsius.  The extra peak in the ε’ graph for the system with 
the rubber is an indicator of phase separation.  This is from Maistros et al 1992, for more 





Figure 9: Reproduced from Maistros et al 1992.  The set of graphs on the right show the system with 
added rubber.  The extra peak in the top graph indicates phase separation in the resin.   
 
 
ii. Typical system description 
Typical system description 
Summary 
Permanent sensors can be mounted in a tool or mould, or used with a small resin cell for material 
characterisation.  Tool mounted sensors are a practical solution for tracking a production process as 
they can be reused and do not remain in the part.   
Flexible sensors are disposable and can be used throughout the part, remaining in place after the 
cure- these can be useful to monitor the cure throughout the thickness of the part and are of 
particular value during prototyping, when designing your cure cycle.   
The sensors are connected to a signal processing box, and a connection runs from there to a 





Dielectric measurements can also be made using a microwave cavity.  This is a different technology, 
though the same principles are in play, and is outside the scope of this document.  Where a metal 
tool or metal equipment is in use, as is common in composites manufacture, microwave 
measurements would not be appropriate.  However, if microwave cure is being used, or pultrusion 
(where a cavity can be built on the end of the die, as in Methven and Katramados 1997) this may be 
worth investigating.   
Most of the sensors referred to in this document are the interdigitated variety, where the electrodes 
are fixed on the sensor surface.  Parallel plates with a sample between them can also be used, but as 
their separation can change with temperature and other local conditions, and the sensor geometry 
needs to be known in order to measure the various material properties, these are less suited to 
industrial use.    
 
Figure: Parallel plate and interdigitated sensors, reproduced from Lambient theory guide.   
Lambient do provide sensors for presses and moulds which use the parallel plate configuration, and 
these would give a through-thickness measurement rather than just a certain depth from the sensor.  
  
Single electrode sensors from Lambient.  The opposing mould surface is used as the other electrode.   
 
Points to note: 
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• Carbon fibre is conductive.  If you are using carbon fibre, the sensor must be covered with 
chopped mat glass fibre or a similar material, to provide an insulating layer, otherwise the 
carbon fibres will short the circuit.    
• Ensure any bare wires or solder are insulated from the tool, for example with release tape.   
• Degas your resin.  Bubbles over the sensor can affect the result.   
• The sensor only gives a measurement at the point where it is placed- or in the line where it is 
placed for the Lambient parallel plate sensors.  Consider where the most important points 
are for your part.  The sensor must be completely covered with resin.   
• Put a thermocouple to the side of each sensor in order to accurately track the cure progress 
with temperature.  The thermocouple should not touch the sensor or be located directly 
above or below it (in the electromagnetic field). 
• If you currently track the process of the cure based on thermocouple measurements and a 
simulation or model, dielectric sensors can be used to test- and hopefully verify- this model.     
• Ensure the cables can reach the data acquisition boxes- if using an oven or autoclave, a pass-
through will be required.   
• Cables should be shielded to reduce noise and should not be twisted together.   
• If you only wish to make occasional use of dielectric monitoring technology, or wish to test it 




Sensor placement will depend on the application.  The sensor must be in a position to be completely 
covered with resin.  Modelling can help to determine the best placements.   
If you are working with trial and error rather than using modelling, it may be worth doing some test 
runs with the flexible sensors, which can be simply placed or stuck on a tool, rather than machining 
holes immediately for the fixed, tool mounted sensors.   
 
Resin arrival/flow front monitoring. 
For monitoring resin arrival in a liquid moulding process, the sensors should be placed where they 
will give the most useful information.  Modelling of the process can inform the best places to put the 
sensors, as demonstrated in a case study.   
For example, sensors can be placed in potential trouble spots where racetracking might occur, to see 
if the flow front arrives there before a comparison sensor elsewhere in the tool.    
If insufficient resin or insufficient mould pressure leave a predictable dry spot, a sensor can be 
placed there to alert the operator to the problem and allow them to correct it.   
 
Resin viscosity monitoring.   
The response of the resin to the alternating current changes with viscosity.  Dielectric sensors can 
therefore be used to monitor the viscosity of resin in a line or pot, for processes such as pultrusion.  






For cure monitoring, it is recommended that sensors be placed in contact with areas of different 
thickness within the part and areas containing inserts, so that any difference between the thicker 
and thinner parts (or complicating factors such as sandwich layers) can be seen.   
For interdigitated types of dielectric sensor, the signal will only track the cure near the sensor’s 
location, to a very limited depth which depends on the sensor being used.  Composites World quotes 
a typical figure as 125 microns.  See Figure for details.  Where carbon fibre is being used, the glass 
fibre layer must cover this depth.  Other sensors are used in research (parallel plate sensors) but 
these are less practical for industrial usage and cannot give as much information. 
 
Figure Diagram showing depth of electromagnetic field penetration, reproduced from Partridge and 
Maistros 2001.   
For measurements throughout a thick part, flexible sensors which remain in the part are likely to be 
required.  If this is not acceptable in a production part, the sensors should be located in areas which 
will be cut off or used only during the prototyping stage.   
 
Alternative technologies 
A combination of a robust model and temperature data can give a good indication of cure progress 
throughout a part.  This requires the resin to be characterised.  If a model is to be relied upon, direct 
measurement of the cure during the prototyping stage is a good way to verify its accuracy and 
ensure it provides a reliable representation of reality.  
Direct Current (DC) cure monitoring has a similar setup, but instead of using an alternating current, a 
direct current is used.  This can measure only the resistance of the resin, but this can still be used to 
trace the cure progress. In general, dielectric cure monitoring can give more information about the 
state of the resin and the underlying chemistry- for example, identifying phase separation or 
hardener activation.  The manufacturer claims DC sensing is cheaper and that shielding is not 
necessary when using a carbon fibre reinforcement as the measurement occurs at the surface only. 
Tool mounted DC sensors give a surface measurement only and in some cases (not all) cannot 
penetrate release layers to measure the state of the resin. The sensors themselves are broadly 
similar to dielectric sensors, with flexible and tool mounted options along with single wire sensors 
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for measuring resin flow (not cure) only.  Where only resin arrival is required, DC sensors designed 
for flow only are a cost effective option.   
Ultrasonic sensors can also be used to follow the progress of a cure.  The two technologies were 
compared by Shepard et al at  1999, and the measurements were found to have a good correlation, 
suggesting both methods to be viable.  There are advantages and disadvantages to both and the best 
method will depend on the part and the manufacturing process being used.  For a detailed 
comparison, read the paper. 
 
The three setups 
Tool mounted sensor.   
The sensor is a sealed unit, with cables which must be connected to the data acquisition boxes.  A 
picture of a sensor is shown here.  The hole for the sensor and housing must be machined precisely 
to prevent resin leakage, and the sensor placed flush with the tool surface.  Different vendors have 
different sensor housings and some are easier to fit without leaks than others.   
 
A sensor which can be mounted in a tool, from Advise 
If this is to be placed in a closed mould, it is important to ensure the mould will still close with the 
sensor and housing in place.   
When testing a new tool and sensor housing, assume that leaks are possible and take appropriate 




An integrated sensor from INASCO 
 
Flexible sensor. 
The sensor can be placed anywhere in the part.  It can be delicate, so care must be taken not to 
scratch the sensor or to detach it from the cables.  For some vendors’ equipment, it is necessary to 
solder a sensor to the cable before each use.  After attaching a sensor to the cable, and before 
placing it in the part, test the sensor by plugging the cable into the data acquisition box and 
inspecting the signal.  If it is overly noisy, or no signal can be found, the sensor or soldering may be 
defective.   
 
A flexible sensor from NETSZSCH 
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Place the sensor carefully in the part during layup and secure in place with tape.  If using vacuum 
bagging, be careful to ensure there is no air leak around the cable where it passes through the tacky 
tape.   
 
Flexible sensors from Lambient. 
After cure, the sensor must be detached from the cable, remaining in the part.  This may mean 
simply cutting the cable.    
 
Resin cell. 
The resin cell is used to study and characterise the behaviour of a small sample of resin or prepreg.  
Very little material is required, just enough to cover the sensor.   
The cell contains a sensor and one or two thermocouples.  A picture of the Advise resin cell setup is 




The computer is connected to the processing boxes.  The cell temperature is controlled through 
these, and data from the thermocouple(s) and dielectric sensors are collected.  The cell must be 
coated with a release agent such as frekote before use, and thoroughly cleaned afterwards.  The o-
rings which sit between the heater blocks and sample holder will require regular replacement.   
The resin cell can be used with liquid resin, prepreg or resin film- though the latter is difficult to 
degas unless heated until fluid, and hence can be messier.  It is important to degas the resin as a 
bubble over the sensor may affect the result.  Some resins can ‘climb’ the walls of the cell, so be 
prepared for mess.   
If the resin cell is used with prepreg, it can be useful to press the prepreg down using a release film 
covered block, to prevent warping away from the sensor during cure.   
 
 
iii. Evolution and History 
1. Technology Maturity Level 
Dielectric sensors have been in use in research for many decades, but are not yet widely known in 
industry, though a few trailblazers are now using them in factories.  A number of vendors now offer 
off the shelf dielectric sensing kits, and some will tailor the technology to your requirements.   
The interfaces available range from the very simple, designed for ease of use (e.g. green light when 
resin reaches the sensor) to fully featured software allowing detailed inspection of the data.  This 
varies with manufacturer.   
b. Industrial Availability (if applicable) 
i. Typical vendors, configurations, capabilities 
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Dielectric sensing system vendors include Advise, Lambient, INASCO and NETSZSCH.  DC sensor 
systems are sold by Synthesites.   
1. Evaluation 
a. Technical Maturity Level 
b. Market Penetration 
c. Typical Costs – Capital and Operating 
d. Pros and cons 
c. Comparison to similar and competing methods 
i. Scientific principles 
ii. Industrial implementation and availability 
d. Current and Future Trends 
i. Science 
ii. Equipment and Development 
iii. Competitive offerings 
References for section 1 
General reading 
Mason, K., http://www.compositesworld.com/articles/monitoring-the-cure-itself 2006, Composites 
World  
The PUL-AERO pultrusion project http://www.pul-aero.eu/project/ 
Lambient (dielectric sensing system manufacturer) has a more detailed explanation of the theory 
http://www.lambient.com/theory.htm 
And a cure monitoring handbook 
http://www.lambient.com/docs/DielectricAnalysisCureMonitoringHandbook.pdf  
NETSZSCH (another manufacturer) also has an explanation of the theory https://www.netzsch-
thermal-academy.com/en/advanced-materials-testing/methods/dielectric-analysis/  
Advise dielectric sensing systems website http://www.advise-deta.com/ 
Synthesites DC cure monitoring http://www.synthesites.com/page.php?p=22  




Partridge, I.K. and Maistros, G.M.,  ‘Dielectric Cure Monitoring for Process Control’, Chapter 17, Vol. 
5, Encyclopaedia of Composite Materials (2001), Elsevier Science, London, page 413 
Academic papers and theses 
Bellucci, F., Valentino, M., Monetta, T., Nicodemo, L., Kenny, J., Nicolais, L. and Mijovic, J. (1994), 
Impedance spectroscopy of reactive polymers. 1. J. Polym. Sci. B Polym. Phys., 32: 2519–2527.  
Shepard, D.D., Smith, K.R. and Thibodeau, L.H., A Comparison of Dielectric and Ultrasonic Cure 




Methven, J.M. and Katramados, Y., In-Line Quality Monitoring of Pultruded Profiles using Dielectric 
Measurements, Polymers &Polymer Composites, Vol 5, No1, 1997  
Maïstros, G.M., Block, H., Bucknall, C.B and Partridge, I.K., Dielectric monitoring of phase separation 
during cure of blends of epoxy resin with carboxyl-terminated poly(butadiene-co-acrylonitrile), 
Polymer, Volume 33, Issue 21, 1992, Pages 4470-4478 
Skordos, A.A. and Partridge, I.K., IMPEDANCE CURE AND FLOW MONITORING IN THE PROCESSING 
OF ADVANCED COMPOSITES International Conference for Manufacturing of Advanced Composites, 
September 27-28, 2001 
Karkanas, P., Doctoral Thesis, Cure Modelling and Monitoring of Epoxy/Amine Resin Systems, 
Cranfield University, 1998. 
Any non-attributed diagrams or graphs are provided by the author, L R Pickard.   
2. Practice 
a. Application from EPTM perspective 
i. Use in and effect on Equipment Decision Making 
1. Summary of Value Proposition 
If you have chosen to use dielectric (or DC) sensors then consider the following: 
Thermocouples must be mounted near the dielectric sensor if temperature measurement is 
required.   
Where an autoclave or oven is used, pass-throughs will be needed.  The cables must be shielded to 
prevent interference and suitable for use at the temperatures and pressures you require.  It must 
not be possible for air to pass through the cable if you are using an autoclave.   
An autoclave pass-through can be constructed, consisting of a suitably pressure rated plate with one 
or more connectors on either side, into which cables can be plugged.  Alternatively, a small copper 
tube can be used and the cables held in place with resin, however this is more difficult to use and 
not suitable for braided cables such as co-ax which may allow airflow out of the autoclave.   
Advise, a manufacturer of dielectric sensing systems, has an example of this using co-ax cables, from 
which the following pictures are reproduced.  This is one example, other systems use different 




Figure x Co-ax cable pass-through, http://www.advise-deta.com/ 
 
 
Figure y, Modifications to an existing autoclave, http://www.advise-deta.com/ 
 
If you do not wish to purchase a new autoclave/oven or modify a current one, it may be worth 
outsourcing your testing to somewhere which has this equipment available, at least as a preliminary 
step while deciding whether or not to proceed.   
 
Tool mounted sensors- consider the cabling required for the sensors.  A press or simple mould will 
need cables exiting from the outer surface and connecting to the analysis box.  If there is room for 
cables, a press can be used without adjustment, meaning only the sensors, analysis box and 
computer are required.   
Flexible sensors- as above, consider the cabling requirements.  The sensors themselves are 
disposable as they remain in the part, so need to be bought repeatedly.  For some systems, sensors 
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need to be soldered to the cable (and cut off thereafter), so in this instance soldering equipment and 
a suitable space must be available.   
Resin cell- only purchasing (or outsourcing measurement) the resin cell, analysis box and software/a 
suitable computer is required.  It is recommended to use the resin cell in a fume cupboard or well 
ventilated area.   
 
2. At different Phases (Conceptual, Trade Study, Detail Design, and 
Production For: 
a. Materials Deposition Management 
b. Thermal Management 
c. Quality Management 
d. Residual Stress and Dimensional Management 
ii. Use in and effect on Tooling Decision Making 
1. Summary of Value Proposition 
Tool mounted- the sensor should fit flush- as much as possible- to the tool surface, with as little 
edging present as possible to minimise marking on the part.  When used in liquid moulding in 
particular, sealing the fixing well enough to prevent resin leakage is vital.  Different manufacturers 
have different fixings. 
The presence of the sensor may affect mould closure, particularly if it protrudes at all.  It is necessary 
to test this.  Precise tolerances may be required when machining the hole for the sensor and fixing.  
The cables will need to exit through the tool.   
The more complex the part, the greater the chance that the sensor may not fit correctly and leakage 
may occur.   
Placing glass fibre veils over the tool mounted sensors can be difficult as they need to remain in 
place throughout the process.  They may need to be stuck down, and the presence of tape will affect 
the final part.  The DC sensors may not require this, depending on the system being used.   
When used in an autoclave or oven, it is important to ensure there is space for the cables to exit, 
through the trolley below the tool.   
It is strongly recommended to place a sacrificial plate below the tool containing the sensor on first 
test, in case of resin leakage.   
Flexible- the cables will need to exit along the tool surface.   
Resin cell- will not be used with a tool.   
 
2. At different Phases (Conceptual, Trade Study, Detail Design, and 
Production For: 
a. Materials Deposition Management 
b. Thermal Management 
c. Quality Management 
d. Residual Stress and Dimensional Management 
iii. Use in and effect on Part Decision Making 
1. Summary of Value Proposition 
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2. At different Phases (Conceptual, Trade Study, Detail Design, and 
Production For: 
a. Materials Deposition Management 
b. Thermal Management 
c. Quality Management 
Tool mounted- the sensors may leave a mark on the part surface, so should not be placed 
anywhere that surface finish is critical, unless this can be achieved by machining.  Note that a 
tool mounted sensor will only provide a surface measurement of cure.  For thicker parts, a 
model may be required in conjunction with the measurement.   
Flexible- these can be placed throughout the part, giving measurement of cure in any position.  
However, these remain in place after cure, which can be considered a defect (or a precursor to 
such).  Sensors can be located in areas that will be removed after the cure, otherwise the part 
must be designed to take into account the structural issues caused by leaving the sensors in 
place.  It may be prudent to use these sensors throughout the part during the prototyping stage, 
before moving to tool-mounted sensors (or thermocouples and a model which has been verified 
during prototyping) for production parts after the cure cycle has been chosen. 
Resin cell- not relevant here as will not be used to make parts, except to note that material 
properties, which can be investigated using the resin cell, can affect your design choices.   
 
 
d. Residual Stress and Dimensional Management 
iv. Use in and effect on Materials Decision Making (including process design) 
Use Cases 
Cure cycle optimisation at prototyping stage 
Dielectric sensors can be used to track the progress of the cure.  This means the cycle can be 
optimised to suit a given requirement- this may for example be the fastest cure cycle producing the 
required degree of cure, the most energy efficient, or finding a cure cycle which produces good 
results for a variety of different parts which must be cured together.  Any of these, or indeed other 
factors, can result in cost savings- if the cure takes less time, more parts can be processed, or if 
energy use is minimised, energy costs are also minimised.   
Investigating options for cure cycles at the prototyping stage allows use of embedded, flexible 
sensors to build up an understanding of cure throughout the thickness of that specific part, without 
needing them in final production parts where they would be considered defects.   
Pro 
Detailed understanding of cure throughout your prototype parts 
Optimise the cure cycle to fit your business needs, saving time/energy and hence money 
Verify models which can be used with thermal measurements or surface mounted dielectric sensors 
to monitor and/or control the cure of production parts 
A good understanding in the prototyping stage means flexible sensors inside the part- which would 
become defects- will not be needed in production.   
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Cost of equipment and potentially modifying autoclaves/ovens to allow sensor use 
May increase the time required for prototyping 
If resin choice is changed or the manufacturer changes the formula, a repeat may be needed 
 
Recommendations 
If you are not likely to need this very often (depending how often you bring in a new design), hire 
the sensing equipment or outsource the study rather than buying it.   
This can be done by trial and error without using a model if required, but for complex parts a model 




The response of different resins to different cure cycles can be studied- for small volumes of resin or 
prepreg samples using the resin cell, or in a prototype part when using the flexible or tool mounted 
sensors.  The results can inform the choice of resin for the part.   
 
Pro 
Understand how different resins respond to different cure cycles 
Experiment on a small scale with options other than the manufacturers’ recommended cycle 
Very little resin required 
Equipment is small and self contained 
Can be used in resin characterisation studies 
 
Con 
Cure of a thick part will be different to that of a small sample of resin 
Cost of equipment 





If you do not undertake such studies often, hire the equipment or outsource the study.   
For common resins, useful results may already exist in the literature.   
 
1. Summary of Value Proposition 
2. At different Phases (Conceptual, Trade Study, Detail Design, and 
Production For: 
a. Materials Deposition Management 
b. Thermal Management 
c. Quality Management 
d. Residual Stress and Dimensional Management 
v. Use in and effect on Producibility Decision Making (outcome evaluation) 
Use Cases 
Resin arrival monitoring and control.   
For liquid resin processes, wet-out can often be a problem.  Monitoring the flow front by using 
dielectric or DC sensors to identify resin arrival at key points can either identify simple fixes (e.g. 
changing pressure application/resin volume/ inlet or outlet positions) or enable online control of 
the flow.  Either way it is possible ensure the part is completely filled with resin.  This will lead to 
fewer rejected parts, so can be of considerable value.  A case study on this topic is included.   
Pro 
Ensure complete wet out- no more rejections due to dry spots 
Understand cause of dry spots 
Greater control of process 
Traceable proof of flow and cure process 
 
Con 
Cost of equipment and new/modified tools 
Surface marking from sensors 
 
Recommendations 
Use modelling or trial and error to identify the problem.  If using a press 
If dry spots are reliable and repeatable, a modification to the tooling or equipment is likely to be 
sufficient.   
If racetracking occurs or the problem is intermittent, a control system similar to that discussed in 
the case study will be more suitable.   
Where monitoring of the cure itself is not required, cheaper flow-only DC sensors should be 




Online cure monitoring.   
Monitoring the cure during manufacture can be used to ensure the required degree of cure is 
reached, reducing the number of rejected parts and providing a record of manufacture to the 
required parameters.  This monitoring can be incorporated into an active cure control system, 
where temperature and/or pressure is automatically adjusted based on the measurements and a 
model.   
Pro 
Ensure required degree of cure is reached 
Adjust cure profile based on current conditions 
Traceable proof of cure process 
No need to leave the part curing longer than necessary as a ‘just in case’ measure, saving time 
and money (on the heating) or increasing production rate.   
 
Con 
Cost of equipment 
Surface marking or sensors left inside the part 
Integration of cure monitoring equipment with autoclave or oven requires pass-throughs 
 
Recommendations 
Consider this if you are having degree of cure related problems, have a situation where 
conditions may vary a lot (such as an open cure tunnel in a factory) or need proof of the cure 
process.   
If you use autoclaves or ovens, consider investing in pass-throughs when the time comes to buy 
new ones, even if you are not yet decided on this, as a future-proofing step.  It is easier and 
cheaper to build into a new autoclave than to modify an existing one, as it would be offline for 
some time for the modification and need re-certifying afterwards.  This can be done.   
 
Material status checking.   
Out-time (the time where a resin or prepreg is not frozen), variation between batches, local 
conditions on the day and variations in mixing, among other things, can affect the properties of 
the resin.  This means the requirements for the cure cycle may change.  Ensuring the cure is 
correct for the material you have on that day should reduce failure rates, and the ability to adapt 
to different material statuses may increase the usability window of the material, reducing scrap 
of the raw material.   A case study on this topic is included.   
Pro 
Identify when material has ‘gone off’ and should not be used -> fewer rejected parts 
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Expand potential material use window by modifying cure cycle to suit resin state 
 
Con 
Cost of equipment 
Time and material taken to perform a test on a sample each day 
 
Recommendations 
A study akin to that in the case study needs to be performed for each material, as the results are 
resin-specific.  This requires detailed analysis of data so outsourcing the study- akin to 
outsourcing a material characterisation study- may be a good option if you do not have suitably 
trained staff.   
Use dielectric sensors, not DC, as the full range of results are needed.  For consistency, the tests 
performed at the factory should use the same equipment as that used for the study.   
 
 
1. At different Phases (Conceptual, Trade Study, Detail Design, and 
Production For: 
a. Materials Deposition Management 
b. Thermal Management 
c. Quality Management 
d. Residual Stress and Dimensional Management 
b. Case Studies of Application 




4. Value Proposition 
5. Summary and Conclusion, including recommendations 
ii. Tooling Design, Selection, Implementation Background 
1. Motivation 
2. Implementation 
3. Value Proposition 
4. Summary and Conclusion, including recommendations 




4. Value Proposition 
5. Summary and Conclusion, including recommendations 
iv. Materials Design, Selection, Implementation 
This case study is based on a paper from Kim, Centea and Nutt of the University of Southern 
California, USA.  For full details, read the paper.   
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Monitoring the effect of out-time using dielectric sensors.   
1. Background 
Over time, as the resin ‘goes off’, chemical bonds gradually form, increasing viscosity and decreasing 
conductivity.  This makes it harder to evacuate air and volatiles from the part during debulk and 
manufacture, as bubbles can be trapped in the more viscous resin or degassing pathways in the 
prepreg blocked off.  Hence, part porosity is likely to increase with material out-time.   
2. Motivation 
The manufacturer will recommend a maximum out-time after which the prepreg should not be used.  
But this cannot take into account the local conditions, so a direct measurement of the state of the 
resin gives more information, which can be used to decide whether or not the material is usable and 
if so, which cure cycle should be used.   
Out-time affects the part quality, as where the resin has become more solid, air and gases can no 
longer escape, so part porosity is expected to increase  
3. Implementation 
The authors used Advise’s dielectric sensors, with a glass fibre veil, to monitor the chemical 
properties of an out of autoclave prepreg which had been left at room temperature for up to 49 
days.   
At multiple points over the course of those 49 days, samples were placed between two heated 
plates and in contact with the veiled dielectric sensor.  This was used to measure conductivity at 30 
degrees Celsius.  The result is shown below.   
 
Figure Reproduced from Kim et al 2014.  Decrease in conductivity of the prepreg with out-time.   
A decrease in the conductivity indicates a higher ion viscosity.   
The samples were then cured, for a variety of cure cycles.  The results below are for isothermal dwell 
at the temperatures shown.   




Figure.  Reproduced from Kim et al 2014.  Change in response to cure with out-time, and change in 
gel time with out-time.   
As out-time increases, tgel, the gelation time, gradually decreases and the peak conductivity seen 
during cure also decreases.  Using dielectric sensors, full details of the cure response can be seen, 
which is discussed in more detail in the paper, and does have an effect on the optimum cure cycle.   
These results can be used to determine the best cure cycle to use as the material ages, as this is 
likely to change, as shown below.   
 
Figure.  Reproduced from Kim et al 2014.  Effect of out-time and ramp rate on tgel and viscosity for 
cure at 93 degrees Celsius (in blue) and 121 degrees Celsius (in red).   
4. Value Proposition 
These results demonstrate that a quick conductivity measurement at 30 degrees Celsius prior to 
laying up a new part can indicate whether or not the material is usable, and if so which cure cycle to 
use.   
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While the study is resin-specific, knowing this would allow a manufacturer to minimise time wasted 
preparing parts with material which is no longer usable- or to use material ‘past the sell by date’ if 
the measurements indicate it is still acceptable, by modifying the cure cycle to suit the resin state.   
Pro 
Identify when material has ‘gone off’ and should not be used -> fewer rejected parts 
Expand potential material use window by modifying cure cycle to suit resin state 
 
Con 
Cost of equipment 
Time and material taken to perform a test on a sample each day 
 
 
5. Summary and Conclusion, including recommendations 
In order to make use of this, one must first perform a full study as in this paper, as the results are 
resin-specific.  This aspect of the work could reasonably be outsourced if the technical expertise is 
not available in-house.   
Using the results and the same dielectric monitoring equipment as that used in the study, a 
manufacturer could then add a conductivity check of a sample to the start of day process before 
layup begins.  This will ensure the material is usable and inform the choice of cure cycle for that day.   
The same process should be used when starting a new batch of material.   
While this study used an out of autoclave prepreg, the principle of checking the material state 
before manufacture can be applied to other types of material.   
 
v. Producibility Evaluation, Trouble Shooting, and Optimization 
This case study is based on a lecture by Professor Suresh Advani of the University of Delaware, USA, 
used here with his permission.  Full details can be found in the paper by Devillard, Hsiao and Advani.   
Control of flow in RTM using dielectric or DC sensors 
1. Background 
Resin Transfer Moulding is widely used in industry.  Achieving full wet-out of the part can be 
problematic, particularly for more complex parts, leaving dry spots which render the part useless.   
Racetracking- where the flow front moves faster along the edge of the preform or an embedded 
feature- is a common problem, as the faster moving resin reaches the outlet gate first, leaving dry 
patches in the middle.   
2. Motivation 
Locating the flow front within the part, using sensors, and comparing this to a model of possible flow 
paths in the tool allows the process to be controlled, mitigating the problems caused by 




The authors designed a mould where racetracking is likely to occur, around a rubber insert or along 
the edges.  The mould included flow sensors and controllable gates, operated by grippers.  The setup 
is shown below.   
 
 
Figure.  Reproduced from Devillard et al 2005.  The gates can be controlled by computer, opening or 
closing to change the flow of resin within the mould.   
 
A simulation of the injection was used to identify the possible flow scenarios, as racetracking does 
not always occur in the same place, or at all.  The simulation found 32 possibilities.  The authors then 
developed a control response for each of these, as shown below for a few examples.   
 
 
Figure.  Reproduced from Devillard et al 2005.  Flow scenarios and mitigating responses for 5 




When an injection takes place, the resin arrival at the sensors is used to identify which scenario is 
occurring.  The gates are then opened or closed as required to mitigate any possible dry spots.  This 
is all controlled by computer.  An example is shown below.  
 
 
Figure.  Reproduced from Devillard et al 2005.  An example of the system in action.   
 
4. Value Proposition 
Using a combination of dielectric or DC sensors, a model and active control gates, resin flow can be 
directed to mitigate problems caused by racetracking- or potentially other flow issues- and hence 
minimise or entirely remove dry spots.   
 
Once the model is set up for any given part, this method could be used continually during 
production, to reduce failure rates due to dry spots.   
Pro 
Ensure complete wet out- no more rejections due to dry spots 
Understand cause of dry spots 
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Greater control of process 
Traceable proof of flow and cure process 
 
Con 
Cost of equipment and new/modified tools 
Surface marking from sensors 
 
5. Summary and Conclusion, including recommendations 
This method has the potential to dramatically improve yields from RTM processes, particularly for 
more complex parts.    
 
The mode land mitigation plan could if necessary be outsourced, if you do not have the expertise or 
the correct software in-house.  For everyday use, only the results of the model and associated 
mitigation database will be required.   
 
This requires a new approach to tooling, including sensors at key points and controllable gates to 
allow the flow to be directed appropriately.  
 
If cure monitoring is not required, DC flow-only sensors may be the most cost effective option.   
 
 
c. Industrial Standards and Statutory or Other Regulations 
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Appendix 8: List of Electronic Materials 
 
The following files are included on the USB memory stick: 
DielectricCureMonitoring.pptx  Knowledge Transfer Resource for Dielectric Cure Monitoring, as an 
interactive PowerPoint file.  This is the recommended way 
to experience the material discussed in Chapter 6.  Includes 
video and weblinks.  593MB 
Dielectric cure monitoring.mp4   Video for Chapters 5 and 6.  164MB 
In process XCT.mp4      Video for Chapter 4. 220MB 
InProcessXCT_data.xlsx   Void volume, cure kinetics model and temperature baseline 
experiment data for Chapter 4 as Excel workbook.  222kB 
AFPdefect_inprocess.gif    Animated .gif file from slices through CT reconstructions 
showing evolution of a tow gap, for Chapter 4.  5.72MB 
Anonymous_section_combined.xlsx Interactive (via pivot tables) Excel workbook of combined 
data from all participants for the anonymous section of the 
Knowledge Transfer Studies, for Chapter 3.  939kB 
x_anonymised.xlsx Anonymised version of data from named section of 
Knowledge Transfer Study questionnaire for x organisation.  
x = participating organisation or subgroup. For Chapter 3. 
Excel workbooks, 16 in total.  20-50kB each.   
LRPickard_Thesis.pdf Electronic copy of this thesis in portable document format.  
15MB. 
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